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Os sistemas anti-vegetativos (AV) são usados mundialmente para evitar a 
incrustação biológica, um fenómeno natural caracterizado pela fixação e 
crescimento de organismos vivos em superfícies submersas. A bioincrustação 
pode levar a elevadas perdas económicas, não só devido à deterioração de 
estruturas submersas, mas também, no caso de navios, ao aumento da 
resistência à deslocação que resulta num acréscimo do consumo de 
combustível e na redução do tempo de vida operacional do navio. A proteção 
química dos cascos dos navios, contra este fenómeno, tem sido uma prática 
comum na indústria naval, mas a lixiviação de biocidas dos sistemas AV no 
meio aquático tem frequentemente causado impactos ecológicos adversos 
graves. Portanto, é fundamental procurar biocidas AV, mais amigos do 
ambiente, valorizando o compromisso entre ter um bom desempenho AV para 
atingir organismos alvo mas com um menor impacto ecológico.  
Os compostos organoestânicos (OTS), especialmente o tributil-estanho 
(TBT) e, em menor medida o trifenil-estanho (TPT), têm sido utilizados como 
biocidas em tintas AV desde a década de 1960 até à sua proibição em 2008. 
Como consequência, uma série de outros compostos surgiram como 
substitutos. Houve um retorno predominante ao uso de tintas AV à base de 
cobre com um ou mais biocidas de reforço adicionados às formulações, para 
alcançar um desempenho máximo. Estas alternativas incluíram diuron, Irgarol 
1051, piritiona de zinco, tolilfluanida e diclofluanida entre outros. No entanto, 
alguns deles também foram proibidos ou retirados do mercado devido aos 
seus efeitos tóxicos para os organismos aquáticos. Um dos objectivos da 
presente tese foi avaliar os níveis destes biocidas AV presentes ao longo da 
costa Portuguesa. Com esta finalidade, foi realizado um estudo científico, em 
2011, onde foram recolhidas e analisadas amostras de sedimentos e de tecido 
de mexilhão (Mytillus galloprovincialis) para determinar a extensão da 
contaminação pelos biocidas acima mencionados. Foram também avaliados os 
níveis de imposex no gastrópode Nucella lapillus como forma de verificar o 
estado da poluição por TBT. Os tecidos deste bioindicador foram somente 
analisados para o conteúdo de organoestânicos devido à relação causa-efeito 
já comprovada entre imposex e o conteúdo de TBT / TPT nos tecidos. Os 
resultados revelaram que, apesar da proibição mundial de OTs, em 2008, o 
TBT continua disseminado por toda a costa, sendo detetado em todas as 
amostras de sedimento (3.0 - 850 ng Sn g-1 peso seco (ps)) e também em 
amostras de tecidos de mexilhão (1.1 - 420 ng Sn g-1 ps) e do gastrópode N. 
lapillus (1.4 - 30.4 ng Sn g-1 ps). O TPT é menos abundante, uma vez que 
apenas foi detectado em cerca de 50% das amostras: a concentração nos 
sedimentos variou entre o limite de detecção (ld) de 0.1 e 43 ng Sn g-1 ps; a 
concentração nos tecidos de mexilhão variaram entre o ld de 0.2 e 14 ng Sn g-1 
ps; a concentração em tecidos do gastrópode variaram entre o ld  de  0.2 e 1.6 
 
  
 
 
 
 
 
 
 
 
 
 
  
  
ng Sn g-1 ps. A percentagem de fêmeas do gastrópode N. lapillus afectadas 
por imposex (% I), o índice de sequência de vaso deferente (VDSI) e o índice 
de tamanho relativo do pénis (RPSI) foram usadas para medir a intensidade do 
imposex e variaram entre 36.7 - 100%, 0.39 - 7.75 e 0 - 1.22, respectivamente. 
Fêmeas estéreis foram encontradas apenas numa estação de amostragem. 
Apesar da ubiquidade do TBT no litoral Português, com maior incidência perto 
de portos navais, foi observada uma tendência temporal decrescente da 
poluição por organoestanhos; efetivamente, a comparação dos resultados de 
2011 com os de anos anteriores denotam uma diminuição evidente da 
contaminação por TBT não só nos sedimentos e biota (tanto em tecidos de 
mexilhão como de gastrópodes) mas também no imposex de N. lapillus. Nesta 
pesquisa também foi detectada a presença de Cu, Zn e diuron em ambas 
amostras de sedimento e tecidos de mexilhão. Embora os metais possam 
provir de várias fontes, tanto naturais como antropogénicas, e o diuron possa 
advir da utilização de pesticidas na agricultura, estes resultados sugerem o uso 
ubíquo destes biocidas em tintas AV num passado recente. Nos sedimentos, 
Cu, Zn e diuron variaram entre 1.7 e 240 mg kg-1 ps, entre o ld de 10 e 620 mg 
kg-1 ps e 7.7 e 67 ng g-1 ps, respectivamente. Em tecidos de mexilhão o Cu 
variou entre 4 e 11 mg kg-1 ps, Zn entre 94 e 640 mg kg-1 ps e diuron variou 
desde o ld de 3 a 20 ng g-1 ps. Raramente foram ainda detectados Irgarol – 
medido em 6 (das 13) estações de sedimentos amostrados (6.8 - 43 ng g-1 ps) 
e em 5 (das 37) amostras de tecido de mexilhão (18.7 - 183 ng g-1 ps) – e o 
seu metabolito GS26575 medido em apenas uma amostra de sedimento (41 
ng g-1 ps) e variando entre 4.1 e 188 ng g-1 ps em 4 (das 37) amostras de 
tecido de mexilhão. Tolilfluanida só foi medido em 3 (de 13) amostras de 
sedimentos (9.4 - 21.9 ng g-1 ps) e em 2 (de 37) amostras de tecido de 
mexilhão (5.3 e 26.8 ng g-1 ps). O conteúdo de diclofluanida em tecidos de 
mexilhão variaram entre 2.3 e 160 ng g-1 ps ocorrendo em 5 (de um total de 37) 
estações, enquanto nos sedimentos esteve sempre abaixo do limite de 
detecção. No entanto, contrariamente à evidente distribuição espacial do TBT, 
a distribuição destes biocidas na costa portuguesa não apresentou um padrão 
específico.  
Com a implementação do novo Regulamento dos Produtos Biocidas 
(Regulamento da UE 528/2012), surgiram algumas substâncias emergentes 
cujo propósito é apresentar um elevado potencial AV para organismos alvo e 
baixo impacto ambiental. A baixa toxicidade para espécies não-alvo, bem 
como uma baixa tendência de bioacumulação e uma rápida transformação 
para produtos menos tóxicos são características necessárias de biocidas mais 
amigos do ambiente. Para esta tese foi realizada uma pesquisa bibliográfica, a 
fim de selecionar compostos emergentes com  propriedades promissoras. Três 
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biocidas foram escolhidos: tralopyril, trifenilborano piridina (TPBP) e 
capsaicina. Tralopyril é a principal substância ativa do produto  ECONEA®, 
comercializado como um biocida livre de cobre, não persistente e 
biodegradável, eficaz no controle da proliferação de cracas, hidrozoários, 
mexilhões e poliquetas. TPBP, também conhecido como Borocide®, é um 
composto organoborano usado como biocida de largo espectro, 
principalmente, no Japão. A capsaicina é uma substância natural, derivada da 
planta da pimenta utilizada como repelente de animais e que adicionada às 
tintas AVs alegadamente melhora a sua eficácia. Assim, a maior parte do 
trabalho desta tese compreendeu a caracterização de alguns aspectos dos 
critérios PBT (Persistência, Bioacumulação e Toxicidade) destes biocidas, a 
fim de realizar uma avaliação adequada do risco ecológico. Devido à escassez 
de dados na literatura, o principal objetivo desta tese foi reunir novos dados 
sobre a toxicidade do tralopyril, TPBP e capsaicina tanto em organismos 
marinhos como de água doce, a fim de proporcionar novos conhecimentos 
sobre o potencial impacto desses produtos químicos nos ecossistemas 
aquáticos.  
Relativamente ao ambiente marinho, foi realizado um estudo com estádios 
iniciais de vida de espécies-alvo e não-alvo. Observou-se que os biocidas 
testados comprometeram o desenvolvimento larvar do mexilhão M. 
galloprovincialis (EC50_tralopyril = 3.1 μg L-1 e EC50_capsaicina = 3868 μg L-1) inibiram 
o crescimento larvar do ouriço do mar P. lividus (EC50_tralopyril = 3,0 μg L-1 e 
EC50_capsaicina = 5248 μg L-1) e causaram mortalidade no copépode T. battagliai 
(EC50_tralopyril = 0,9 μg L-1, EC50_capsaicina = 1252 μg L-1 e EC50_TPBP = 14 μg L-1) 
em função da dose usada. Ao comparar o risco ambiental apresentado pelos 
três biocidas emergentes com o do TBT, uma substância AV de referência, 
num modelo de marina de água salgada, concluiu-se que os três compostos 
testados apresentam menor risco que o TBT. No entanto, tanto o tralopyril 
como o TPBP podem representar uma ameaça considerável para os 
ecossistemas marinhos. A capsaicina parece ser como o composto menos 
tóxico, aparentemente, sem risco mas também sem um alto desempenho 
biocida.  
O passo seguinte foi caracterizar a toxicidade do tralopyril, TPBP e 
capsaicina em três espécies modelo de água doce: a alga Chlamydomonas 
reinhardtii, o crustáceo Daphnia magna e peixe-zebra Danio rerio. Os efeitos 
letais dos três biocidas foram estudados para todas as espécies acima 
mencionadas, enquanto que os efeitos sub- letais foram avaliados apenas para 
as algas e peixe-zebra. Tralopyril foi o único biocida que causou mortalidade 
na alga C. reihardhtii (LC50 = 71 μg L-1). No teste agudo de imobilização da D. 
magna, tralopyril e TPBP revelaram toxicidades semelhantes, mas somente se 
as  concentrações  fossem  mantidas  constantes  por  meio  de  renovação  da  
  
  
 
 
 
 
 
 
 
 
 
 
  
  
solução. Para o peixe-zebra, tralopyril foi sem dúvida o composto mais letal 
(LC50 = 5.0 μg L-1) seguido pelo TPBP (LC50  =  447.5 μg L-1). A capsaicina não 
exerceu quaisquer efeitos letais em nenhuma das espécies testadas. Em 
relação à toxicidade sub-letal, tanto o tralopyril como o TPBP causaram efeitos 
significativos no rendimento quântico efetivo e no conteúdo de ATP em C. 
reihardhtii, no entanto o TPBP apresentou uma toxicidade bastante mais baixa. 
Em relação ao peixe-zebra, o TPBP inibiu a inflação de bexiga natatória, 
causou edema no coração, reduziu o fluxo sanguíneo e, nas concentrações 
mais elevadas, levou a uma diminuição da taxa de batimento cardíaco, 
enquanto que o tralopyril causou apenas uma inibição da inflação de bexiga 
natatória embora numa concentração bastante menor. A capsaicina causou um 
aumento na taxa de batimentos cardíacos do embrião de peixe-zebra, embora 
de uma forma não dependente da concentração do composto. Os resultados 
aqui descritos não só proporcionam informação sobre os efeitos dos três 
biocidas emergentes sobre os ecossistemas de água doce, mas também, uma 
vez que estas espécies pertencem a níveis tróficos diferentes, ajudou a reduzir 
os factores de avaliação utilizados na avaliação de risco, diminuindo a 
incerteza de tal previsão. Assim, a avaliação de risco realizada para uma 
marina de água doce corroborou investigações anteriores, em que a 
capsaicina foi identificada como um composto amigo do ambiente, enquanto 
que o tralopyril e o TPBP foram identificados como possíveis ameaças ao 
ecossistema.  
Com a finalidade de compreender o modo de ação dos dois compostos 
mais tóxicos, acima referidos - tralopyril e TPBP - novas investigações foram 
efectuadas usando uma analise proteómica diferencial. Concentrações sub-
letais de tralopyril e TPBP regularam tanto proteínas relacionadas com o stress 
geral do organismo, como também outras proteínas mais especificas da ação 
do composto, no proteoma do embrião de peixe-zebra. Pensa-se que a 
regulação de proteínas comuns entre compostos possa ser relacionada com o 
stress e abrangeram a alteração de proteínas envolvidas no metabolismo 
energético, estrutura do olho e processos de diferenciação celular. A exposição 
a concentrações sub-letais de tralopyril regularam positivamente seis proteínas 
específicas envolvidas no metabolismo da energia, do citoesqueleto, da divisão 
celular e no splicing do mRNA, enquanto que a exposição a TPBP levou à 
regulação de três proteínas pertencentes ao citoesqueleto, crescimento celular 
e protein folding. Foram ainda efectuados cálculos sobre o Toxic Ratio de 
ambos os compostos que identificaram o TPBP como um químico responsável 
por uma toxicidade mais geral, enquanto que o tralopyril parece ter um modo 
de ação mais específico.  
 (continuação) 
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Uma vez que o tralopyril se tornou num candidato importante a ser utilizado em 
águas europeias (devido à sua inclusão no Regulamento dos Produtos Biocida) 
e também porque este composto revelou a mais alta e específica toxicidade, 
de entre os  3 biocidas, foram  realizados estudos adicionais para compreender 
melhor a sua persistência e potencial de bioacumulação. Para isso, foi 
essencial desenvolver um método analítico sensível para medir este composto 
em matrizes aquosas. Assim, um método analítico por LC-MS/MS foi 
estabelecido para quantificar tralopyril em DMSO (o solvente utilizado em todos 
os estudos realizados nesta tese) e em amostras aquosas (águas naturais de 
rio e do mar, bem como o meio utilizado nas exposições de embriões de peixe-
zebra - Medio E3). Os limites de quantificação do tralopyril nos vários meios 
utilizados foram suficientemente baixos para detectar tralopyril sem um passo 
de pré-concentração (0.05 μg L-1 para águas do rio e 0.025 μg L-1 para os 
outros meios de analisados). O tempo de meia-vida estimado para este 
composto foi de 6.1 h na água do mar, 8.1 h na água de rio e 7.4 h no meio E3 
a 18º C. A fim de estudar o potencial de bioacumulação, foram medidas as 
concentrações de tralopyril em tecidos de M. galloprovincialis após exposição 
aguda e crónica, e após um período de depuração de 10 dias. Este biocida 
acumulou rapidamente nos tecidos de mexilhão, atingindo o estado 
estacionário em 13 dias. No entanto, pensa-se que os animais sejam capazes 
de eliminar o composto uma vez que 10 dias de depuração resultaram na 
eliminação de 80% do biocida acumulado. Com o objectivo de melhor 
compreender a toxicidade sub-letal do tralopyril em M. galloprovincialis e o 
modo de ação deste composto, foi realizada uma análise proteómica 
diferencial no proteoma das brânquias de organismos desta espécie após 
exposições aguda e crónica e depois de um período de depuração de 10 dias. 
Curiosamente, não só o tralopyril mas também o DMSO (utilizado como 
solvente), modularam significativamente a expressão de proteínas nas 
brânquias de mexilhão após exposições aguda e crónica. No total, 46 
proteínas envolvidas na bioenergética, no sistema imunológico, active efflux e 
no stress oxidativo foram reguladas nos diferentes cenários de exposição. 
Alterações de várias proteínas foram ainda observadas, depois do período de 
depuração, possivelmente refletindo quer o efeito contínuo do tralopyril ou da 
sua eliminação incompleta.  
Em conclusão, este trabalho mostra uma mudança de paradigma em 
relação aos biocidas AV, isto é, há uma passagem do uso de biocidas mais 
antigos com alto risco ecológico, para biocidas mais novos que devem, 
desejavelmente, apresentar uma baixa persistência e nenhum impacto para as 
espécies não alvo, uma tarefa difícil que envolve perseverança e trabalho 
árduo. 
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abstract 
 
Antifouling (AF) systems are used worldwide to prevent biofouling, a 
natural phenomenon characterized by the attachment and growth of living 
organisms onto submerged surfaces. Biofouling may lead to elevated economic 
losses not only due to the deterioration of submerged structures but also, in the 
case of vessels, to the increase of frictional drag that ultimately results in the 
rise of fuel consumption and the reduction of the vessel´s operational time. The 
hulls chemical protection against this phenomenon has been a common 
practice in the naval industry but the leaching of biocides from AF systems into 
the aquatic environment has frequently caused severe adverse ecological 
impacts. Therefore, it is critical to search for more environment-friendly AF 
biocides, valuing the compromise of having a good AF performance to target 
organisms and the lowest ecological impact. 
Organotin compounds (OTs), especially tributyltin (TBT) and to a lesser 
extent triphenyltin (TPT), have been used as biocides in AF paints from the 
1960's until their ban in 2008. As a consequence, a number of other 
compounds emerged as substitutes. There was a return to predominantly 
copper based AF paints with one or more booster biocides added to the 
formulations to achieve a maximum performance. These alternatives comprised 
diuron, irgarol 1051, zinc pyrithione, tolylfluanid and dichlofluanid among 
others. However, some of them have also been banned or phased out from the 
market due to their toxic effects to aquatic organisms. One objective of the 
present thesis was to assess the current levels of these AF biocides along the 
Portuguese coast. For this purpose, a survey was performed in 2011 where 
both sediments and tissue samples from the mediterranean mussel Mytillus 
galloprovincialis were collected and analysed to determine the extent of the 
above mentioned biocides contamination. It was also assessed the imposex 
levels in the gastropod Nucella lapillus as a proxy to evaluate the status of TBT 
pollution. The tissues of this bioindicator were also analysed for OTs due to the 
proven cause-effect relationship between imposex and TBT/TPT body burden. 
The results reveal that despite the OT global ban in 2008, TBT was still 
ubiquitous being measured in all assessed sediment samples (3.0 – 850 ng Sn 
g-1 dry weight (dw)) and in both mussel (1.1 – 420 ng Sn g-1 dw) and dogwhelk 
tissues (1.4 – 30.4 ng Sn g-1 dw). TPT was less abundant as it was detected in 
approximately 50 % of the samples: concentration in sediments varied between 
the detection limit (dl) of 0.1 and 43 ng Sn g-1 dw; in mussel tissues ranged 
between the dl of 0.2 and 14 ng Sn g-1 dw; in dogwhelk tissues varied from the 
dl of 0.2 to 1.6 ng Sn g-1 dw. The percentage of N. lapillus females affected by 
imposex (%I), the vas deferens sequence index (VDSI) and the relative penis 
size index (RPSI) were used to measure the intensity of imposex and varied 
between 36.7 – 100%, 0.39 – 7.75 and 0 – 1.22, respectively. Sterile females 
were only  found at one site.  Despite the TBT ubiquity in the Portuguese coast, 
  
  
 
 
 
 
 
 
 
 
 
 
  
  
with major incidence close to naval harbours, a decreasing temporal trend of 
organotin pollution has been observed; in fact, the comparison of 2011 results 
with those from previous years denote an evident decline of TBT contamination 
of sediments and biota (namely, mussels and dogwhelks) and N. lapillus 
imposex. This survey also detected Cu, Zn and diuron in both sediments and 
mussel tissues. Although the metals have natural and wide anthropogenic 
sources and diuron may also come from pesticide use in agriculture, the results 
may point towards their ubiquitous use in AF-paints in a recent past. In the 
sediments, Cu, Zn and diuron varied between 1.7 and 240 mg Kg-1 dw, the dl of 
10 and 620 mg Kg-1 dw and 7.7 and 67 ng g-1 dw, respectively. In mussel 
tissues Cu varied between 4 and 11 mg Kg-1 dw, Zn between 94 and 640 mg 
Kg-1 dw and diuron ranged from the dl of 3 to 20 ng g-1 dw. Seldom it was also 
detected irgarol - measured in 6 (out of the 13) sampled sediment stations (6.8 
– 43 ng g-1 dw) and in 5 (out of the 37) mussel tissue samples (18.7 – 183 ng g-
1 dw) - and its metabolite GS26575 measured in only one sediment sample (41 
ng g-1 dw) and varying between 4.1 and 188 ng g-1 dw in 4 (out of 37) mussel 
tissue samples. Tolylfluanid was only measured in 3 (out of 13) sediment 
samples (9.4 – 21.9 ng g-1 dw) and in 2 (out of 37) mussel tissues samples (5.3 
and 26.8 ng g-1 dw). Dichlofluanid content in mussel tissues varied between 2.3 
- 160 ng g-1 dw occurring in 5 (out of 37) stations whilst in sediments was 
always below the detection limit. Nonetheless, contrasting with TBT spatial 
distribution, no specific pattern could be clearly recognized on the distribution of 
these AF biocides.  
With the implementation of the new Biocidal Product Regulation (EU 
Regulation 528/2012), emerging substances aiming to present a high AF 
potential to target organisms and a low environmental impact arose. A low 
toxicity to non-target species as well as a low tendency to bioaccumulate and a 
rapid transformation to less toxic products are required characteristics of 
environment-friendly biocides. For this thesis a bibliographic research was 
carried out in order to select emerging biocides with promising properties. 
Three biocides were chosen: tralopyril, triphenylborane pyridine (TPBP) and 
capsaicin. Tralopyril is the main active substance of ECONEA®, being 
marketed as a non-persistent and biodegradable copper-free biocide, effective 
in controlling fouling by barnacles, hydroids, mussels and polychaetas. TPBP, 
also known as Borocide®, is an organoborane compound used as a broad- 
spectrum biocide mainly in Japan. Capsaicin is a natural occurring substance, 
derived from the chili pepper plant commonly used as animal repellent and 
claimed to improve the paint efficiency. Therefore, most of the work of this 
thesis comprehended the characterization of some aspects of the PBT 
(Persistence, Bioaccumulation and Toxicity) criteria of these biocides in order to 
perform  a  proper  ecological  risk  assessment.  Giving  the scarcity of  data in  
 (continuation) 
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the literature, the major objective of this thesis was to gather new data about  
the toxicity of tralopyril, TPBP and capsaicin to freshwater and marine 
organisms, in order to provide novel insights regarding the potential impact of 
these chemicals to aquatic ecosystems. 
Regarding the marine environment, a study with early life stages of target 
and non-target species was carried out. It showed that the tested biocides 
impaired larval development in the mussel M. galloprovincialis (EC50_tralopyril = 
3.1 μg L-1 and EC50_capsaicin = 3868 μg L-1) inhibited larval growth in the sea 
urchin P. lividus (EC50_tralopyril = 3.0 μg L-1 and EC50_capsaicin = 5248 μg L-1) and 
caused mortality to the copepod T. battagliai (EC50_tralopyril = 0.9 μg L-1, 
EC50_capsaicin = 1252 μg L-1 and EC50_TPBP = 14 μg L-1) in a dose-dependent way. 
When comparing the risk posed by these three emerging biocides with TBT, a 
reference AF substance, in a seawater marina model, it was concluded that the 
three tested compounds pose less risk than TBT but, nevertheless, tralopyril 
and TPBP might represent a considerable threat to the marine ecosystems. 
Capsaicin was described as the least toxic compound, apparently with no risk 
but also not presenting a high biocide performance.  
The next step was to characterize the toxicity of tralopyril, TPBP and 
capsaicin to three freshwater model species: the algae Chlamydomonas 
reinhardtii, the crustacean Daphnia magna and the fish Danio rerio. The lethal 
effects of the three biocides were studied for all the aforementioned species 
whilst sub-lethal effects were only assessed for the algae and zebrafish. 
Tralopyril was the only biocide that caused mortality to C. reihardhtii (LC50 = 71 
μg L-1). In the D. magna acute immobilization test, tralopyril and TPBP revealed 
similar toxicities but only if the concentrations were mantained constant by 
means of solution renewal. To the zebrafish, tralopyril was undoubetly the most 
lethal (LC50 = 5.0 μg L-1) followed by TPBP (LC50 = 447.5 μg L-1). Capsaicin did 
not exert any lethal effects to any of the species tested. Regarding sub-lethal 
toxicity, both tralopyril and TPBP caused significant effects on C. reihardhtii 
effective quantum yield and ATP content, however TPBP was much less toxic. 
Concerning zebrafish, TPBP inhibited the swim bladder inflation, caused heart 
edema, reduced the blood flow and, at the highest concentrations, led to a 
diminish of the heart beat rate, whilst tralopyril only caused an inhibition of the 
swim bladder inflation though at much lower concentrations. Capsaicin caused 
an increase on the zebrafish embryo heart beat rate although not in a dose-
responsive way. The results herein provided data on the effects of the three 
emerging biocides on freshwater ecosystems but also, as these species belong 
to different trophic levels, it helped to reduce the assessment factor used in risk 
assessment, decreasing the uncertainty of such prediction. Thus, the risk 
assessment performed for a freshwater marina corroborated previous 
investigations  where capsaicin was  identified as an environment-friendly com-  
  
  
 
 
 
 
 
 
 
 
 
 
  
  
pound whilst tralopyril and TPBP were identified as possible threats to the 
ecossystem.  
In order to have some insights into the mode of action of the two most 
toxic compounds referred above - tralopyril and TPBP - further investigations 
using a differential proteomic analysis were carried out. Sub-lethal tralopyril and 
TPBP concentrations regulated both general stress-related and compound-
specific proteins on the zebrafish embryo proteome. The common protein 
regulations between compounds are thought to be stress-related changes and 
comprehended the altered expression of proteins involved in energy 
metabolism, eye structure and in cell differentiation processes. Sub-lethal 
tralopyril exposure specifically upregulated six other proteins involved in energy 
metabolism, cytoskeleton, cell division and mRNA splicing whilst exposure to 
TPBP comprised the regulation of three proteins belonging to the cytoskeleton, 
cell growth and protein folding. Moreover, calculations on the toxic ratio of both 
compounds identified TPBP as a baseline toxicant whilst tralopyril was found to 
have a specific toxicity mode of action. 
As tralopyril became an important candidate to be used in European 
waters (due to its inclusion on the Biocidal Product Regulation) and also 
because this biocide revealed the highest and more specific overal toxicity, 
additional studies were undertaken to better understand the persistence and 
bioaccumulation potential of this compound. For that, it was essential to 
develop a sensitive analytical method to measure tralopyril in aqueous 
matrices. Therefore, a targeted analytical LC-MS/MS method was established 
to quantify tralopyril in DMSO (the solvent used in all studies portrayed in this 
thesis) and water samples (natural river and seawater, and medium used for 
zebrafish exposures - E3 medium). The limits of quantitation achieved for the 
different media are sufficiently low to detect tralopyril without a pre-
concentration step (0.05 μg L-1 for river water and 0.025 μg L-1 for the other 
media analysed). Estimated tralopyril half-lives were 6.1 h for seawater, 8.1 h 
for river water and 7.4 h for E3 medium at 18º C. In order to study the 
bioaccumulation potential, tralopyril concentrations were measured in the whole 
tissues of M. galloprovincialis following acute and chronic exposure, and after a 
10-day depuration period. This biocide rapidly accumulated in the mussel 
tissues, reaching the steady-state condition within 13 days. Nevertheless, 
mussels seemed to be able to eliminate the compound since 10 days of 
depuration resulted in 80% elimination of the accumulated biocide. In order to 
further understand the sub-lethal toxicity of tralopyril to M. galloprovincialis and 
the possible mode of action, differential proteomics analysis was performed on 
the gill proteome of this species following acute and chronic exposure, and after 
a 10-day depuration period. Interestingly, not only tralopyril but also DMSO 
(used as solvent)  significantly  modulated the protein expression in mussel gils 
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after acute and chronic exposure. Altogether, 46 proteins involved in 
bioenergetics, immune system, active efflux and oxidative stress were found to 
be regulated in the different exposure scenarios. Notably, after the depuration 
period, alterations of several proteins were still observed possibly reflecting 
either the continued effect or the incomplete elimination of this chemical.  
In conclusion, this thesis shows a change in the paradigm regarding AF-
biocides, i.e., moving from older generation biocides with high ecological risk, to 
new ones that should desirably present low persistence and no impact to non-
target species, a difficult task that involves perseverance and hard work.  
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General Introduction 
 
  
 
 1.1 - Biofouling 
 
 
 
Fouling is a natural process in which unwanted material accumulates at a certain 
interface and by this affects its optimal functioning. When this cumulative process involves 
the presence of living organisms it is called biofouling (Flemming, 1991; Abarzua and 
Jakubowski, 1995) 
 
Over 4000 species of organisms are known to cause biofouling in marine, brackish 
and freshwater environments (Yebra et al., 2004). The species involved in this biological 
incrustation depend on the local environmental conditions such as salinity, temperature, 
pH, hydrodynamics, and predation (Abelson and Denny, 1997; Fusetani, 2004), and also 
on the properties of the substrate on which the biofouling is formed (Gittens et al., 2013). 
Biofouling is driven by the same factors that affect the formation of natural ecological 
communities, with the following sequence of events (Figure 1.1): (i) formation of an initial 
conditioning film, (ii) establishment of a biofilm and (iii) subsequent recruitment and build 
up of micro and macrofoulers (Flemming, 1991; Abarzua and Jakubowski, 1995; Melo and 
Bott, 1997).  
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Figure 1.1 - Temporal settlement of biofouling modified from Martin-Rodriguez et al., (2015). 
 
 
 
Within a few minutes after submersion, the conditioning film is formed on the 
surface through the adsorption of carbohydrates, proteins, oils and humic acids, together 
with inorganic particles like silica and clay (Jain and Bhosle, 2009). Mostly bacteria, but 
also microalgae will primarily colonize the conditioning film, adhering via electrostatic 
interaction, hydrogen bonding and Van der Waal's forces. Approximately one week later, 
other microorganisms such as fungi, protozoa and macroalgae spores (secondary 
colonizers) will also attach to form the biofilm (Chambers et al., 2006; Wells and Sytsma, 
2009). The contact between microorganisms and the surface is generally promoted by the 
natural water movement, although microorganisms are also able to actively search for 
substrates using their flagella (Chambers et al., 2006; Tuson and Weibel, 2013). 
Subsequently, the settled microorganisms (primary and secondary colonizers) secrete a 
heterogeneous matrix comprised of polysaccharides, glycoproteins, glycolipids, 
extracellular DNA and other substances termed extracellular polymeric substances (EPS) 
(Chambers et al., 2006; Flemming, 2008). Besides binding the microorganisms together 
and anchoring them to the substrate, this heterogeneous matrix also provides exchange 
of nutrients, protection against environmental stress and an increased resistance to 
Introduction
Marine biofouling is a deleterious process that imposes a plethora of costly problems to human
activities in the ocean, particularly to the shipping industry [1]. It is estimated that the costs as-
sociated to this phenomenon already exceed US $200 billion every year [2]. Biofouling is a
complex phenomenon that involves a wide array of organisms, from microbes to invertebrates.
It is often depicted as a successional process with four main stages, illustrated with an hypo-
thetical material surface that is submerged in the sea (Fig 1): 1) adsorption, from the first sec-
onds after immersion, of organic particles onto the submerged surface, with the development
of a so-called ‘conditioning film’ that constitutes the molecular fouling and promotes the 2) ar-
rival of primary colonizers, initially (first 24 h) pioneer motile bacteria and, within the first
days, an array of microorganisms, with bacteria and benthic diatoms as the main representa-
tives, that form complex multispecies biofilms (microfouling) and tend to promote the 3) set-
tlement of macroalgal zoospores (e.g. ulvophycean) and 4) invertebrate larvae (e.g. mussel
pediveligers, barnacle cyprids) that end up forming a complex macroscopic fouling communi-
ty. Consequently, to characterize the antifouling profile of any given substance accurately, it is
necessary to conduct bioassays with key organisms that are representative of the different
stages of this phenomenon [3].
Over the second half of the past century, the problem had been relatively under control
through the use of organotin compounds, in particular bis-(tris-n-butyltin)oxide (TBTO).
However, increasing evidence of the detrimental environmental impact of these chemicals
arose from the 1980s [4–6]. That increasing concern led to a stepwise prohibition of organotin
compounds in antifouling paint formulations that was established by the International Mari-
time Organization and fully entered into force in September 2008.
Current antifouling research focus on the design of less harmful solutions that include:
the tethering of biocides to the coating matrix, which remain fixed or are released to the
Fig 1. Schematic representation of the biofouling process.
doi:10.1371/journal.pone.0123652.g001
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biocides (Flemming, 2002; Flemming, 2008). Biofilms are capable of colonizing a wide 
range of materials with different properties (including aluminum, stainless steel, synthetic 
polymers, and concrete), altering the local surface physiochemistry in the process (Little 
and Wagner, 1997; Qian et al., 2007). These alterations may have implications not only 
on the substrate corrosion (Acuña et al., 2006; Marty et al., 2014) but also on the 
recruitment of new micro- and macrofouler species, determining the growth of the 
biofouling community (Qian et al., 2007).  
 
Microbial films induce the larval settlement (and also metamorphosis) of many 
invertebrate species through the secretion of natural cues (inorganic ions, hormones 
and/or neurotransmitters) perceived by specific receptors located on the larval sensory 
organs (Yebra et al., 2004; Williams and Degnan, 2009; Fusetani, 2011). However, these 
cues are not the only factor that drives invertebrate larvae to select the substrate to 
attach. When larvae become competent in metamorphosis - probably when their nervous 
system is fully developed (Abelson and Denny, 1997; Fusetani, 2004) - they swim towards 
a substrate which is attractive in terms of surface topology, light exposure, streaming 
conditions and even its color, among other factors (Shan et al., 2011; Gittens et al., 2013; 
Almeida and Vasconcelos, 2015). If they successfully attach onto a surface, they will 
metamorphose and bulk up. Bryozoans, molluscs, barnacles, polychaetes and tunicates 
comprise the most dominant macrofouling groups (tertiary colonizers).  
 
Understanding biofouling succession together with the mechanisms used by each 
different group of animals in their strategy to attach to a substrate is extremely important 
to comprehend the dynamics of this particular ecosystem. Moreover, it can be a powerful 
tool for the development of strategies to prevent biofouling.  
 
 
 
 1.2 - Consequences of Biofouling  
 
 
Biofouling affects different kinds of activities, ranging from medical issues like the 
influence of biofouling on the cleaning of surgical tools or the public health implications of 
this process in potable water (Melo and Bott, 1997; Percival and Walker, 1999; 
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Deshpande et al., 2015) to industrial systems involved in water purification and distribution 
(Cloete, 2003; Al-Juboori and Yusaf, 2012; Polman et al., 2013; Martin-Rodriguez et al., 
2015), aquaculture and fishery (Locke and Carman, 2009; Jain and Bhosle, 2009; Adams 
and Shumway, 2011; Fitridge et al., 2012; Sievers et al., 2013) and the naval industry 
(Chambers et al., 2006; Schultz, 2007; Wells and Sytsma, 2009; Schultz et al., 2011). 
Independently of the activity affected, biofouling will lead to economic loss.  
 
 
 
Annual costs derived from aquatic biofouling in developed countries are believed 
to exceed 180 billions of euros every year (Chambers et al., 2006; Hertiani et al., 2010; 
Tuson and Weibel, 2013; Martin-Rodriguez et al., 2015). These processes include not 
only corrosion-related problems (Galperin and Baker, 2004; Chambers et al., 2006; 
Flemming, 2008) but also the maintenance and cleaning of structures such as piers, 
pipes, buoys, aquaculture cages, ship hulls and fishing nets, in order to keep them 
operable (Flemming, 2002; Flemming, 2008; Schultz et al., 2011; Chambers et al., 2012). 
In aquaculture facilities, the uncontrolled growth of foulers may lead to growth competition 
between foulers and the cultured species, resulting in a decrease in size and weight of the 
later, compromising the overall productivity (Little and Wagner, 1997; Qian et al., 2007; 
Sievers et al., 2013). Moreover, it might restrict water exchange, increasing the risk of 
diseases (Acuña et al., 2006; Fitridge et al., 2012; Marty et al., 2014). The most evident 
and widely recognized impacts are probably those induced by biological incrustation on 
ship hulls (Figure 1.2). The International Maritime Organization (IMO) estimates that 
unprotected hulls may accumulate as much as 150 kg m-2 of biological material in six 
months at sea (IMO, 2002). Even with the use of antifouling systems (AFS), ship hulls 
tend to accumulate great amounts of biofouling. This buildup not only leads to the raise of 
fuel consumption due to the increased frictional drag and ship weight, but also decreases 
the ship’s maneuverability and reduces the overall operational time. Besides, biofouling 
has the potential to contribute to the dissemination of non-indigenous species through 
ship traffic (Qian et al., 2007; Dafforn et al., 2011). For all these reasons, it is imperative to 
protect submerged structures against biofouling.  
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Figure 1.2 - Hulls of two heavily fouled ships extracted from Yebra et al., (2004). 
 
 
 
 
 1.3 - Antifouling solutions: past and present  
 
 
The detrimental effects of biofouling on ship performance have been feared and 
recorded by ancient cultures since the beginning of man’s use of ships as a mean of 
locomotion (i.e. some centuries BC). Wax, tar and asphalt are thought to be the first 
means found by ancient cultures to protect their ships against biological incrustation. 
Phoenicians and Carthaginians are known to have used pitch and possibly copper 
sheathing to protect their ships. Other coatings that included arsenic and sulphur mixed 
with oils have also been reported for having been used by ancient civilizations. A few 
centuries later, Greeks and Romans were thought to have used tar, wax and lead 
sheathing secured by copper nails. Many were the combinations used, however major 
structural hull problems related to galvanic corrosion, in the contact points between the 
two metals, were reported (see revisions by (Yebra et al., 2004; Readman, 2006; Almeida 
et al., 2007).  
 
It was not until the 18th century that alternated lead and wood sheathings were 
employed for hull protection. This “sheathing method” allowed easier repairs due to the 
simple replacement of the last layer at regular intervals. In the mid of the 19th century, the 
concept of antifouling paints appeared. The idea was to include a powerful toxicant into a 
polymeric binder. Iron, zinc, lead, arsenic, mercury and especially copper were found to 
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perform well and to create a “poisonous film” when in contact with water, preventing 
foulers from getting close to the submerged surface. However, corrosion problems were 
noted leading to the development of primers to be applied before the paint itself. With the 
development of polymer chemistry and the inclusion of several other toxicants like 
arsenic, mercury and dichlorodiphenyltrichloroethane (DDT) to the paint matrices, the 
interval between dry-docking for boat repainting increased (IMO, 2002). The first 
organometallic paints appeared around the late 50s. The emergence of organotin (OT) 
compounds, especially the tri-substituted tributyltin (TBT), permitted the production of 
extremely effective, versatile and economic AF paints. Moreover, TBT was considered 
less harmful than the preceding biocides, used at the time (Champ, 2000; Yebra et al., 
2004). Due to the durability and efficiency of OT-based AF paints, by the turn of the 
century, TBT was a key biocide in AFS, being used as an active ingredient in AF paints in 
about 70 % of the world’s merchant shipping fleet (Gerigk et al., 1998). However, the 
release of this compound to the environment caused well documented adverse effects in 
wildlife, leading to several restrictive measures in many countries that finally resulted in 
the definitive ban of TBT based AFS in the EU in 2008 (Regulation Nº 782/2003; 
European Commission, 2003) (Champ, 2000; Fent, 2006; Sousa et al., 2014). 
 
Following the initial TBT restriction, other formulations mainly based on copper and 
to a lesser extent zinc, combined with selected organic biocides, such as diuron, ziram, 
irgarol 1051, dichlorooctylisothiazolinone (DCOIT), tolylfluanid, dichlofluanid or zinc 
pyrithione, became commonplace (Voulvoulis et al., 1999; Thomas, 2001; Konstantinou 
and Albanis, 2004). However, some of this biocides were also proven to be environmental 
unsafe and regulative measures have been taken against their use in certain European 
countries.  
 
The directive 91/414/EEC on plant protection products (PPP; European 
Commission, 1991) served as a model for the Biocidal Product Directive 98/8/EC (BPD; 
European Commission, 1998). However, while the PPP regulated specific pesticides used 
to protect crops and other desired plants, the BPD concerned the placing on the market 
and use of biocidal products intended to protect humans, animals and materials against 
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harmful organisms (as pests or bacteria). The BPD was adopted in 1998, transposed into 
the national law by the EU member states and later repealed by the Biocidal Product 
Regulation (BPR, Regulation (EU) 528/2012), whose text was adopted in May 2012 being 
applicable from September 2013 with a transitional period for certain products.  
 
The BPR defines biocidal products as active substances and/or preparations 
containing one or more active substances, intended to prevent the action, deter, destroy 
or exert a controlling effect on any harmful organism by chemical or biological means. It 
defines 22 product types (PTs) divided into 4 main groups: Disinfectants, Preservatives, 
Pest Control and Other Biocidal Produts in which antifouling products (PT 21) are 
included. Excluded are other substances used in products already covered by other EC 
legislation (i.e. PPP, pharmaceuticals or cosmetics). As a first step, all existing biocides - 
more than 950 entries - were identified and catalogued but only roughly 350 biocides were 
assessed under the review program by September 2006 (European Commission, 2007). 
After this deadline the non-covered biocides had to be removed from the market. Only 
those substances that were submitted, evaluated and included on the BPR Annex I under 
a certain number of product types can be used in the future. Those, whose non-inclusion 
decision by the European Commission was taken, had also to be withdrawn from the 
market. Additionally, the use of very high concern substances but to which no less harmful 
alternatives exist will be restricted by risk mitigation schemes (Ruedel, 2012). 
 
 These measures are already causing a change in the use of biocidal active 
substances in EU member states. As example, Irgarol 1051 and diuron were two of the 
most widely used alternatives (Martinez and Barceló, 2001; Thomas et al., 2002) and also 
the most frequently detected tin-free biocides in areas of high boating activities 
(Konstantinou and Albanis, 2004; Readman, 2006) right after the first EU TBT-based AF 
paints prohibition in 2003. Nevertheless, diuron was forbidden under the Commission 
Decision 2008/809/EC due to its toxicity and Irgarol was recently not approved for 
inclusion in the Annex I of the BPR to be used as AF product (Biocidal Products 
Committee, 2015). Therefore, it is expected that, as a result of these measures, a 
decrease on their environmental levels occur in a near future. On the other hand, the 
replacement of these biocides will surely increase the environmental levels of other 
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existing biocides and also new chemical that arise as emerging biocides. However, 
precise current information about types and quantities of biocides’ usage worldwide or 
even at national territories, are scarce (Tornero and Hanke, 2016). Therefore targeted 
environmental monitoring is very important to ensure that the levels of certain biocides are 
not above the predicted effect levels being indicative of ecological-related problems. 
 
 1.4 - Emerging biocides  
 
 
There is a pressing need to develop environmentally and economically acceptable 
methods to control biofouling. Although the use of chemicals has been the mostly used 
due to its cost-effective advantages, AF solutions may also include mechanical and 
physical responses. Frequently a combination between solutions seem to be promising 
but further research is the unanimous conclusion between authors working on this topic. 
 
Mechanical prevention is one of the cleanest ways to control biofouling. 
Diminishing the amount of time inside water by keeping the boats at dry dock has been 
proven effective and is recommended especially to small recreational vessels. Boat-
brushers are also being used in marinas especially from the northern European countries 
(i.e. Sweden; http://changeantifouling.com). This methods work by brushing off the fouling 
organisms from the hull by taking them through rotating brushes. Nevertheless, it is hard 
to follow these procedures with bigger vessels. 
 
Other methods include silicon or fluoropolymers based biocide-free paints that rely 
on physical properties, such as the formation of a smooth non-sticky surface on the hull 
where fouling organisms cannot attach or at least are not able to generate a strong bond 
with the surface and are dislodged once the ship is moving beyond a critical velocity 
(Yebra et al., 2004; Chambers et al., 2006). Antifouling by electrolysis has also been 
suggested and consists of producing strong oxidizing compounds such as ozone bubbles, 
hypochlorous acid, hydrogen peroxide or bromine through the electrolysis of seawater to 
eliminate biofouling. However, the major problem is that the large voltage drop across the 
surface may intensify the corrosion of steel and the efficiency of the process is not great 
(Shan et al., 2011). The modification of surface microstructures and also wettability has 
also been the focus of several research papers (Banerjee et al., 2010; Bixler and 
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Bhushan, 2012). Although optimized surface topography show promising results towards 
specific species, the greater difficulty is the variety of species that compose the fouling 
community. In fact, foulers have different preferential surface attachment criteria (also 
connected with their size range) and therefore one single pattern of microarchitecture will 
never be effective to all (Chambers et al., 2006). Other physical antifouling solutions by 
ultraviolet radiation, radioactive coatings, magnetic fields or even vibration methods have 
been confirmed but besides not having a practical application, the energy cost is a 
problem difficult to overcome (Delauney et al., 2010; Shan et al., 2011). 
 
Nowadays there is a trend on the use of bio-inspired surfaces that combine 
physical (e.g. by mimic the shark skin) with chemical (e.g. the self-cleaning properties of 
some plants) and biological methods (e.g. enzymes that interfere with intercellular 
communication) that have been proven efficient and quite promising (Magin et al., 2010; 
Salta et al., 2010; Callow and Callow, 2011; Kirschner and Brennan, 2012; Chapman et 
al., 2014; Bixler et al., 2014; Damodaran and Murthy, 2016). These methods try to 
simulate antifouling solutions occurring in the nature by using the best strategies of 
different organisms. Nevertheless, the variety of organism that constitutes the fouling 
community is still the major problem as some may overcome these strategies. Present 
methods, or their combination is inspiring scientists to continue in this direction however, 
no effective alternative to TBT AF paints were equalized. 
 
 
Considering the above-mentioned scenario, chemical AF protection is still the most 
used solution to prevent biofouling. With the implementation of the BPR, emerging 
substances aiming to present a high AF potential to target organisms and a low 
environmental impact are arising. A low toxicity to non-target species as well as a low 
tendency to bioaccumulate and a rapid transformation to less toxic products are required 
characteristics of environment-friendly biocides. Therefore, at the beginning of this PhD, a 
bibliographic research was carried out in order to select emerging biocides with promising 
properties. Among other possibilities, three biocides were chosen: tralopyril, 
triphenylborane pyridine (TPBP) and capsaicin (Figure 1.3). Tralopyril was elected 
because it has been pointed as a promising AF-biocide but in 2011 almost no bibliography 
existed regarding its toxicity: only one reference was found (Thomas and Brooks, 2010). 
Hence, this thesis would provide a valuable contribution to fulfill this gap of knowledge.  
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TPBP was selected because, despite being used in Asian countries, for unknown reasons 
appears not to be currently in use in the EU. Besides, few reports exist on its 
environmental fate and effects. Finally, capsaicin was chosen because it is a natural 
product and there were oral reports made by professional scuba divers in Portugal 
regarding its use in home-made antifouling solutions, which matched some official reports 
on its efficacy against the attachment of target animals (Xu et al., 2005; Angarano et al., 
2007). 
 
 
Figure 1.3 - Molecular structure of the three emerging biocides studied in this thesis: A) 
tralopyril; B) triphenylborane pyridine (TPBP) and C) capsaicin. These structures were 
generated from www.chemspider.com 
 
Tralopyril 
Tralopyril (4-bromo-2-(4-chlorophenyl)-5-(trifluoromethyl)- 1H-pyrrole-3-
carbonitrile) (Figure 1.3 A) is an emerging AF-biocide marketed as a non-persistent and 
biodegradable substance ecologically safer than former hazardous biocides used in AFS 
(Thomas and Brooks, 2010; Mert et al., 2014). It is used to control biofouling by barnacles, 
hydroids, mussels, oysters and polychaetes and is the main active substance of the AF 
paint ECONEA® (Janssen PMP, Belgium). Furthermore, this compound was accepted in 
April 2014 for inclusion as antifoulant under the BPR (Biocidal Products Committee, 
2014). Therefore, probably this compound will become widespread in the EU. At the 
beginning of this PhD, the information available in the literature regarding this compound 
comprised the chemical properties of tralopyril, the half-life in seawater (3 and 15 h at 25 
A! B! C!
B- 
N+ 
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and 10 ºC, respectively) and the efficacy of the AFS ECONEA® (Kempen, 2011). By then, 
the only reports available on the toxicity of tralopyril concerned the effects on the larvae of 
the acorn barnacle Balanus amphitrite (Kempen, 2011). In 2014, a research paper on the 
effects of tralopyril on the marine bacteria Shewanella algae was published (Martin-
Rodriguez et al., 2014). Furthermore in 2014 the European Chemicals Agency (ECHA) 
released an Assessment Report on Tralopyril in which presented some additional 
information on this biocide by similarities with the parent compound Chlorphenapyr. It 
described tralopyril as an uncoupler, ultimately affecting the ATP production 
(Environmental Chemicals Agency, 2014). However, the exact mode of action was still not 
known since uncoupling refers to any energy-dissipating process that competes with the 
normal function of the mitochondria inducing a metabolically futile waste of energy 
(Wallace and Starkov, 2000). Therefore, more studies on this direction would possible 
return an answer on the mode of action of this compound. 
 
TPBP 
The organoborane compound, triphenylborane pyridine (TPBP; Figure 1.3 B), also 
known as Borocide® is a broad-spectrum biocide predominantly used in AFS, since 1995, 
in certain Asian countries like Japan (Mochida et al., 2006; Okamura and Mieno, 2006; 
Wendt et al., 2013). For what is known, there were no attempts to introduce this 
substance on the EU market by submitting a dossier to ECHA under the BPR and 
therefore its worldwide distribution is limited to the Asian AF market. TPBP is reported to 
undergo abiotic degradation through hydrolysis and photolysis in natural seawater. 
Estimated half-lives were found to vary between 6.6 h up to 6 months depending on the 
degradation pathway, pH and temperature (Zhou et al., 2007). Only one report on 
measured environmental concentration exist in a fishing port in Hiroshima Bay, Japan at 
an extremely low concentration of 21 pg L-1 (Mochida et al., 2012). A study performed by 
Tsuboi and co-workers suggested that copper ions existing in natural environments might 
be one of the most important mechanisms on the TPBP degradation upon release of this 
biocide from AF paints into water (Tsuboi et al., 2013).  
The available reports on the toxic effects of TPBP comprise studies on fish and 
fish cell lines (Okamura et al., 2002), sea urchin embryos (Kobayashi and Okamura, 
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2002), some plant species (Okamura et al., 2003), a marine macroalgae (Wendt et al., 
2013), marine biofilms (Arrhenius et al., 2014) and a marine pelagic copepod (Wendt et 
al., 2016). Although some reports on its toxicity and degradation pathways already exist, 
the mechanism behind its toxicity is still unknown.  
 
Capsaicin 
Capsaicin (8-methyl- N-vanilly-6-nonenamide) (Figure 1.3 C) is the natural extract 
derived from the chili pepper plant (from the genus Capsicum), commonly used as animal 
repellent and claimed to improve the paint efficiency. It is thought that the most attractive 
AF property of this compound is its capacity to interfere with the organism’s competence 
to attach onto certain surfaces instead of being lethal. This has been proven by Xu and 
co-workers (2005) by the loss of adhesion in bacteria, preventing in this way the biofilm 
formation and by Angarano and colleagues (2007) that demonstrated the inhibition of the 
zebra mussel byssal attachment, although apparently reversible upon reposition in clean 
water. Environmental concentrations are unknown, but a previous study suggested a low 
ecological risk from the use of this substance (Wang et al., 2014). This compound is also 
thought to be readily biodegradable in water under aerobic conditions, to have low 
accumulation potential in the sediments and low bioconcentration potential in aquatic 
organisms (Wang et al., 2014). The mode of action of capsaicin is still not fully understood 
but some studies suggest that, in plants it may block the electron transport in photosystem 
II (PSII; Spyridaki et al. 2000). 
 
 
 1.5 - Ecological Risk Assessment  
 
The Ecological Risk Assessment comprises the evaluation of risks posed by the 
presence of substances released by man to the environment, on living organisms and 
consequently on the ecosystems. In the light of the European Environment Agency, the 
ecological risk assessment comprises four main steps: 1) hazard identification; 2) dose 
(concentration) - response (effect) assessment; 3) exposure evaluation and 4) risk 
characterization. These steps represent a systematic process for identifying adverse 
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consequences and their associated probabilities to cause harm to the ecosystems 
(Fairman et al., 1998), in this case, the likelihood of a biocide arising from AFS utilization 
to be toxic to aquatic organisms. Although the Ecological Risk Assessment is a well-
defined process with clear objectives, performing a complete Environmental Risk 
Assessment (in which the Ecological Risk Assessment is included) is a complex and time-
consuming task.   
 
The first step of a risk assessment is the hazard identification where it is 
acknowledged the potential of a chemical to cause harm and if so, under what 
circumstances. For AF compounds this occurs mostly during the leaching of biocides from 
the AF paints but it may also occur in the dockyards during application of new AFS, or 
cleaning and removal of the old coatings (Senda, 2009).  
 
The dose (concentration) - response (effect) assessment is the estimation of the 
relationship between the level of exposure and the severity of the observed effects, 
examining the numerical relationship between exposure and effects. Much of the 
experimental work presented in this thesis contributes to this concentration-effect 
establishment. As for risk assessment, the main objective of step 2) is to derive Predicted 
No Effect Concentrations (PNECs). Therefore the choice of the species to test is very 
important. This selection generally falls on the use of model species (highly advisable due 
to the abundance of data for comparison) or, if the compound’s mode of action is already 
identified, the choice of sensitive species is also frequently applied. Furthermore, 
depending on the type of toxicity data available, the use of assessment factors (also 
known as safety factors) is highly encouraged as a precaution to ensure that harmful 
substances are identified (European Commission, 2003; Environmental Chemicals 
Agency, 2015). Nowadays, in the EU, companies can apply for the approval or the 
inclusion in Annex I of the BPR of an active substance by submitting a dossier with this 
kind of data to be analysed by ECHA. 
 
The third step comprises the exposure evaluation that ideally consists on the 
description and quantification of the intensity, frequency and duration of the exposure to 
the hazard produced by the risk source (Fairman et al., 1998). In older generation 
biocides this is done by measuring the concentrations of a certain substance in one or 
more compartments of the ecosystems (i.e. water, sediments and biota). Due to the 
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scarce or non-existing information about environmental concentrations of emerging 
substances, the use of models to predict environmental concentrations is very important. 
The marine antifoulant model for predicting environmental concentrations (MAMPEC, 
Version 3.0; Deltares, Amsterdam, Netherlands) is one of the models that can be used to 
calculate theoretical predicted environmental concentrations (PEC) occurring in the 
environment (step 3). This model comprises thee main descriptors: environment, 
compound and emission scenario (van Hattum et al., 2006). The environment descriptor 
includes information related to the characteristics of a particular type of environment. 
MAMPEC offers six generalized environments to be used: open sea, shipping lane, 
estuary, commercial port, marina or open port, from which, some of them are already 
OECD harmonized scenarios that are normally recommended for use in typical risk 
assessment. The same occurs to the emission scenario descriptor for which harmonized 
OECD-scenarios also exist. It comprises the number of ships along with their underwater 
surface area, leaching rate and theoretical percentage of biocide used in the paint (OECD 
2005). The compound descriptor comprises the physico-chemical properties of the 
compound to test such as CAS number, molecular mass, solubility and saturized vapor 
pressure. From these, other properties of the compound may be estimated or, if known, 
can be directly input in the model, i.e. parameter related with degradation time (both in 
water and/or sediments) and with the compound partitioning (log Kow, log Koc, among 
others).  
It is important to have an overview of the substance inputs and variations over 
time. However, this information is hard to obtain. Therefore regular monitoring of 
environmental concentrations of these substances is perhaps the best way to understand 
the exposure assessment 
 
Lastly, the risk characterization observes how well the data support conclusions 
about the nature and extent of the risk from the exposure to the stressors. In the 
Ecological Risk Assessment this is typically done by calculating the PEC/PNEC ratio (step 
4). If this ratio is > 1 then the compound is considered to have the potential to threaten the 
ecosystems (European Comission, 2003) since its concentrations are predicted/measured 
to be higher than the concentration that is supposed not to cause harm to organisms. 
Again, it is worth to mention that the use of assessment factors is far from being trivial. 
These factors are extremely important especially when few data (for example acute 
toxicity data only) on the effects of the chemicals is available. Guidelines support the use 
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of higher safety values whenever toxicity data is limited decreasing with the increasing of 
toxicity data for a specific substance (European Chemicals Agency, 2015). Moreover, we 
need to keep in mind that for chemicals that present a risk close to 1 the outcome of the 
risk assessment can significantly change with the use of assessment factors. Therefore 
despite the outcome of the Risk Assessment it is very important to keep track of 
concentrations existing in the environment and if the predictions were well estimated or if 
further action should be taken.  
 
 
 1.6 - Aims and rationale  
 
 
 
The use of AF paints is still nowadays the most cost-effective solution to overcome 
the biofouling problem. In the light of the recent EU Directives, especially the BPR, a 
compromise between finding effective biocides with low ecological risk must be 
acknowledged. Therefore, chemicals claiming to be more environment-friendly are 
emerging and so assessing their environmental fate and biological effects is necessary. 
The main goals of the present thesis are:  
i) depict the current levels of “old generation antifouling biocides” in the Portuguese 
coast and their ecological risk;   
ii) assess the ecological risk of three emerging biocides - tralopyril, TPBP and 
capsaicin - to check if they may constitute better alternatives. 
While for older generation biocides a great amount of information is available on 
their environmental fate and toxicity, this knowledge is very scarce for emerging ones. In 
this way there is the need to obtain data for these new chemicals regarding, especially, 
steps 2 (toxicity) and 3 (exposure prediction) of a Risk Assessment, in order to understand 
if they may successfully replace the older generation of biocides.  
 
The present dissertation is organized into four parts: (I) Introduction, (II) Older 
generation biocides (III), Emerging biocides and (IV) Final Remarks. Each part is 
composed by different chapters, comprising a total of seven. Part II and III are organized 
Chapter 1 – General introduction 
 31 
in scientific papers (already published, or aiming to be published) each one being an 
individual chapter and containing a specific introduction, applied methodologies, obtained 
results and respective discussion and conclusions. A brief summary of each Part and 
chapter is presented in the following lines and the integration and interplay of all the 
pieces of the present thesis is represented in the rationale scheme of Figure 1.4. 
 
Part I – Introduction. This single chapter provides a brief theoretical introduction to 
the biofouling problematic followed by the state of the art on antifouling solutions, with 
special incidence on the biocides used in antifouling systems and how the Ecological Risk 
Assessment is performed. 
 
Part II – Older generation Biocides. This part is constituted exclusively by one 
chapter – Chapter 2 - where it is described the environmental levels of older generation 
biocides in sediments, mussels and gastropods. Special attention is given to TBT, here 
used as a reference biocide. It is also the aim of this chapter to understand if these 
biocides might still pose a risk to marine and estuarine ecosystems in the Portuguese 
coast. 
 
Part III – Emerging biocides. The bulk of this thesis concerned the characterization 
of the toxic effects posed by three emerging antifouling biocides: tralopyril, TPBP and 
capsaicin. The following chapters present a succession of experimental work driven by the 
need on addressing relevant data about the lethal and sub-lethal toxicity of these 
chemicals to both marine and freshwater organisms. Several bioassays with different 
species were performed and Multidimensional Protein Identification Technology (MudPIT) 
was also implemented to obtain insights into the mode of action of such compounds. This 
part contains four chapters that are briefly presented in the following paragraphs. 
 
Chapter 3 describes the toxicity of tralopyril, TPBP and capsaicin against 
larvae/juveniles of marine invertebrates (Toxicodynamics): two non-target species, the 
sea-urchin Paracentrotus lividus and the copepod Tisbe battagliai, and the mussel Mytilus 
galloprovincialis D-larvae that might be considered as target or non-target species, 
depending on the context. Moreover, it was simulated the predicted environmental 
concentrations that might occur in a seawater marina in order to understand the possible 
risk posed by such biocides to marine ecosystems. The research paper that resulted from 
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this work was: Oliveira IB, Beiras R, Thomas KV, Suter MJ-F, Barroso CM, 2014. Acute 
toxicity of tralopyril, capsaicin and triphenylborane pyridine to marine invertebrates. 
Ecotoxicology 23, 1336–1344.  
 
Chapter 4 assesses the toxicity of tralopyril, TPBP and capsaicin towards three 
model freshwater non-target organisms: the algae Chlamydomonas reinhardtii, the 
crustacean Daphnia magna and the zebrafish Danio rerio. Considering the observed 
toxicity of tralopyril and TPBP to zebrafish, further assays involving their effects at the 
whole embryo proteome were performed, promoting insights into the mode of action of 
these biocides. The risk assessment of these compounds for a freshwater marina model 
was also implemented. This chapter led to the submission of a research paper to Aquatic 
Toxicology in January 2017. 
 
In chapter 5 a new analytical method for the quantification of tralopyril in water 
samples is described. Also the half-life of tralopyril was assessed in both sea and riverine 
waters (and also in E3 zebrafish exposure medium), leading to important information on 
the persistence of tralopyril in natural waters. This chapter originated the research paper: 
Oliveira IB, Schönenberger R, Barroso CM, Suter MJ-F, 2016. LC-MS/MS determination 
of tralopyril in water samples. Chemosphere 145, 445–449.  
 
Chapter 6 discusses the bioconcentration of tralopyril in the tissues of the mussel 
Mytilus galloprovincialis during acute and chronic exposure and after depuration 
(toxicokinetics). It also assesses the effects of this biocide on the mussel gill proteome of 
adult mussels using MudPIT. One research paper has also resulted from this chapter:  
Oliveira IB, Groh KJ, Stadnicka-Michalak J, Schönenberger R, Beiras R, Barroso CM, 
Langford KH, Thomas KV, Suter MJ-F, 2016. Tralopyril bioconcentration and effects on 
the gill proteome of the Mediterranean mussel Mytilus galloprovincialis. Aquatic 
Toxicology 177, 198–210.  
 
Part IV – Final Remarks. This last part provides a general discussion on the major 
results and conclusions accomplished in the thesis.  
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Figure 1.4 - Objectives and main outcomes of the present thesis with the indication of the chapter 
number. On the left, the assessment of environmental concentrations of older generation biocides 
in the Portuguese coast (Part II with the single chapter 2). On the right, representing the bulk of the 
thesis (Part II divided in the corresponding chapters 3 to 6), the assessment of PBT criteria of 
emerging AF biocides. Both parts are linked by the effort to compare the risk posed by these 
substances to the ecosystems, in an attempt to substitute harmful chemicals by more environment-
friendly ones, which is the goal of the present days AF-biocide research.   
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Antifouling biocide contamination along the Portuguese coast 
 
 
 
 Abstract 
 
 
Alongside the legislative measures that culminated in the ban of antifouling (AF) 
paints containing organotin (OT) compounds, namely tributyltin (TBT) and triphenyltin 
(TPT), new chemicals emerged as more environment-friendly AF biocide alternatives. 
However, some of them were later regulated or phased out from the market under the 
Biocidal Products Regulation due to their toxicity towards non-target organisms. The aim 
of this work was to assess the occurrence of AF biocides along the Portuguese coast in 
2011, three years after the International Maritime Organization ban on OT based AF 
paints. Sediment and biota samples were collected along the coast: sediments at 12 sites, 
the Mediterranean mussel Mytilus galloprovincialis at 37 sites and the dogwhelk Nucella 
lapillus at 18 sites. The analysed substances in sediments and mussels comprised copper 
(Cu), zinc (Zn), diuron, irgarol (and its metabolite GS26575), tolylfluanid, dichlofluanid and 
OT compounds including butyltins (BuTs), namely TBT and its degradation products 
dibutyltin (DBT) and monobutyltin (MBT), and the phenyltins (PhTs) such as TPT and its 
degradation product diphenyltin (DPT). In parallel, due to the documented historical use of 
TBT, N. lapillus imposex and OT tissue levels were also determined in 2011 and 
compared with previous years in order to assess the evolution of TBT pollution along the 
Portuguese coast. This survey consistently detected butyltins (TBT, DBT and MBT) and 
diuron in both sediments and M. galloprovincialis tissues pointing towards their ubiquitous 
utilization along the Portuguese coast. Imposex and TBT in dogwhelks decreased in the 
last years denoting the legislation effectiveness in reducing TBT pollution in this area. As 
expected, since they occur naturally in the environment, Cu and Zn were also detected in 
every sample. Nevertheless as these metals may also derive from anthropogenic sources, 
such as AF paints, their concentrations were also determined. More rarely, other 
compounds, such as irgarol and its metabolite GS26575, tolylfluanid, dichlofluanid and 
phenyltins were detected in sediment and mussel samples. Among those compounds for 
which it was possible to assess the ecological risk on the Portuguese coast, TBT, copper 
and zinc were found to pose a substantial risk whilst tolylfluanid and dichlofluanid do not 
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appear to be worthy of concern. Nevertheless further monitoring will provide insights into 
the evolution and ecological impacts of pollution arising from AF paints in the upcoming 
years. 
 
 
Keywords: AF biocides, Portuguese coast, OT pollution, Nucella lapillus imposex 
 
 
 2.1 - Introduction 
 
 
In the naval industry, biofouling leads to the increase of frictional drag and the total 
ship weight, thus increasing fuel consumption and frequency of dry-docking periods 
(Schultz et al., 2011). Moreover, biofouling may reduce the ship’s operational time due to 
surface deterioration and it has the potential to contribute to the transport and 
dissemination of non-indigenous species through ship traffic (Dafforn et al., 2011). Hence, 
protecting ship hulls against this phenomenon is considered critical.  
Currently, antifouling (AF) protection for ship hulls does not rely exclusively on the 
use of AF paints since other alternatives also exist (mechanical cleaning, application of 
electric currents, functionalized coatings designed to repel organism´s settlement, among 
others) (Gittens et al., 2013). Nevertheless, AF paints are still one of the most cost-
effective approaches for shielding submerged structures. One major disadvantage of this 
method is the leaching of biocides into water, which have caused detrimental effects to 
aquatic ecosystems, especially in areas with high naval activity such as harbours, 
marinas, mooring places and shipyards (Almeida et al., 2007; Fent, 2006; Yebra et al., 
2004).  
Compounds of copper and zinc were amongst the first biocides to be included in 
AF paints due to their broad spectrum activity (Almeida et al., 2007; Dafforn et al., 2011; 
Lewis, 1998). In the late 50s the appearance of organotin compounds (OTs), especially 
the tri-substituted tributyltin (TBT) and, to a lower extent, triphenyltin (TPT), permitted the 
production of extremely effective and economic paints. Thus, by the turn of the century, 
TBT was a key biocide used as an active ingredient in AF paints in about 70 % of the 
world’s merchant shipping fleet (Gerigk et al. 1998).  
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TBT is perhaps the most studied AF biocide, well known for its deleterious effects 
to marine biota, particularly by disrupting the endocrine and reproductive functions of 
several species (Alzieu, 1991; Fent, 2006; Gibbs et al., 1987; Oehlmann et al., 1996), 
which in prosobranch gastropod molluscs often results in imposex – superimposition of 
male characteristics onto females (Smith, 1971). Furthermore, TBT is highly persistent in 
anoxic sediment layers with reported half-lives between 1.9 and 3.8 years (Batley, 1996), 
although its half-life in oxygenated compartments, like the water column and sediment 
surface layer, is estimated to vary between six days up to two weeks (de Mora, 1996; 
Langston and Pope 1995). Besides, TBT degradation products – dibutyltin (DBT) and 
monobutyltin (MBT) - can also be toxic, although to a lesser degree than TBT (Ferreira et 
al., 2013; Gadd, 2000). Although it is accepted that imposex is caused almost exclusively 
by TBT (Oetken et al., 2004; Oehlmann et al., 2007), TPT can also induce imposex in 
gastropods (Horiguchi et al., 1997; Schulte-Oehlmann et al., 2000; Barroso et al., 2002b), 
including Nucella lapillus (Laranjeiro et al., 2015). However, the TPT environmental 
concentrations reported in the literature have shown substantially lower values than those 
measured for TBT (Ruiz et al., 1998; Harino et al., 1998; Barreiro et al., 2001; Barroso et 
al., 2002b; Barroso and Moreira, 2002; Sousa 2009b; Oliveira et al 2009). 
Some European countries have quickly understood the problematic posed by OT 
compounds and, during the mid 80s, prohibited its usage on small boats. In 1988, the 
European Commission created the Directive 89/677/ECC that banned the use of TBT in 
boats less than 25 m as well as in submerged equipment intended to be used in fish and 
shellfish farming. However, the inefficacy of such measures and the growing evidences of 
the global effects of TBT pollution (Alzieu, 1991; Barroso and Moreira, 2002; Davies and 
Bailey, 1991; Minchin et al., 1997) have prompted the adoption of the international 
convention of the control of harmful antifouling systems on ships (AFS convention) 
supported by the International Maritime Organisation (IMO). The European Union (EU) 
anticipated the adoption of this AFS Convention through the EU Regulation 
782/2003/EEC (European Commission, 2003) on the 14th of April 2003, which resulted in 
the prohibition of the application of OT-based AF paints after the 1st of July 2003 and the 
presence of these paints in vessels after the 1st of January 2008. TBT pollution levels 
declined after the ban but still remains a problem nowadays (Cacciatore et al., 2016; 
Laranjeiro et al., 2015; Nicolaus and Barry, 2015; Petracco et al., 2015; Ruiz et al., 2015). 
Moreover, special attention should be given to some countries that did not ratified the AFS 
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convention and are not regulated by national or regional legislations and therefore are still 
allowed to use TBT based AF paints, especially in national routes (Paz-Villarraga et al., 
2015).  
Since the legislative restrictions on the use of TBT for small vessels, many 
substitutes appeared on the market. Mostly, there was a return to predominantly copper 
based AF paints with one or more booster biocide added to the formulations to achieve 
highest performances (Omae, 2003; Voulvoulis, 2006). These booster biocides included 
irgarol 1051, diuron, Seanine 211, zinc pyrithione, chlorothalonil, tolylfluanid, dichlofuanid, 
and some other compounds (for review see: Thomas, 2001; Thomas et al., 2001; 
Voulvoulis et al., 1999). Because the environmental risk has been proven unacceptable 
for some of these biocides, they have also been restricted and/or phased out from the 
market under the Biocidal Products Regulation (BPR; Regulation 528/2012). This 
regulation entered into force on September of 2013 and aims to provide a higher 
protection for humans and the environment through the regulation of all biocides present 
in the EU market. Also it intends to harmonize and simplify the market in what concerns 
their safety and use. Only the biocides listed in Annex I of BPR will be allowed in 
commercial applications in the near future.  
The objectives of the current work are: (i) evaluate the extent of AF biocide 
contamination in mussels and sediments along the Portuguese coast in 2011; (ii) 
determine the levels of OTs and imposex in dogwhelks in 2011 and compare these values 
with previous published data in order to assess the evolution of OT pollution in the 
Portuguese coast; (iii) when data is available, to assess the risk of AF biocide in the 
Portuguese coast, and compare this risk with the one posed by TBT. 
 
 
 2.2 - Material and methods 
 2.2.1 - Study area 
 
 
Portugal holds a strategic position in the Atlantic coast of the Iberian Peninsula 
and is crossed by both North-South and East-West main maritime traffic routes (DGPM, 
2014). The Portuguese coastline spreads along almost 950km and includes rocky and/or 
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sandy beaches and several estuarine areas where the main harbors are generally 
located. These harbors may include commercial and fishing ports, marinas and shipyards 
and have been repeatedly identified as TBT pollution hotspots in Portugal (Galante-
Oliveira et al., 2006; Rato et al., 2006; Sousa et al., 2005).  Figure 2.1 indicates the 
sampling site locations and describes the type of harbors along the Portuguese coast. 
Sampling was performed at sites inside or close to harbors (where ports, marinas and 
dockyards may be located) and sites at the open coastline that are more distant from 
harbors and, consequently, are less impacted by naval activities (hereafter referred as 
"beaches"). 
 
 
Figure 2.1 - Map of the Portuguese coast showing the location of the sampling sites (black dots), 
the main harbours (grey stars) and their activities (squares). 
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 2.2.2 - Mytilus galloprovincialis 
 
Specimens of the Mediterranean mussel M. galloprovincialis were collected by 
hand at the midlevel of intertidal rocky shores or docksides of 37 sites between May and 
August 2011. Animals were stored in bags and brought refrigerated to the laboratory. 
Samples were processed within three days after collection. The specimens’ shell length 
was measured with Vernier calipers, their soft tissues rinsed with distilled water, removed 
and pooled together. The tissues were then freeze dried, grinded into powder and 
preserved in dark conditions at -20 0C until chemical analysis of OT compounds, Cu, Zn, 
diuron, irgarol and its metabolite GS26575, tolylfluanid and dichlofluanid. 
 
 2.2.3 - Sediment  
 
Sediment samples were collected from 12 sites along the Portuguese coast, 
between May and August 2011, using a van Veen grab sampler. Approximately 200 g of 
sediment from the top 6 cm were collected, freeze-dried and preserved at -20 °C for 
chemical analysis of OT compounds, Cu, Zn, diuron, irgarol and its metabolite GS26575, 
tolylfluanid and dichlofluanid. 
 
 2.2.4 - Nucella lapillus 
 
N. lapillus were sampled at 18 sites along the Portuguese coast (all of them rocky 
beaches with one single exception of st. 34 – Zambujeira do Mar classified as a very small 
fishing port) from May to August 2011. Wherever possible, a minimum of 10 adult female 
plus 10 adult male dogwhelks were collected by hand and processed within three days for 
imposex analysis. Shell height (maximum distance between the apex and the base of the 
siphonal canal) was measured to the nearest 0.1 mm with Vernier calipers. After shell 
removal, gender was determined and parasitized specimens were discarded. Only 
sexually mature individuals with a SH > 17.5 mm were considered (Galante-Oliveira et al., 
2010). The penis length both in males and females (MPL and FPL respectively) was 
measured with a stereomicroscope equipped with a graduated eyepiece to the nearest 
0.14 mm. The Vas Deferens Sequence (VDS) and sterile females were classified 
according to the scheme proposed by (Gibbs et al., 1987). Relative Penis Size index 
(RPSI=FPL3x100/MPL3), percentage of females affected by imposex (%I) and percentage 
Chapter 2 – Antifouling biocide contamination along the Portuguese coast 
 50 
of sterile females (%S) were also determined for each sample. Tissues from 10 female 
dogwhelks per station were freeze dried, grinded into powder and preserved in dark 
conditions at -20 0C until chemical analysis. Only OT compounds were analysed in N. 
lapillus tissues. 
 
 2.2.5 - Chemical analysis 
 
Organotins (OTs) analysis 
Organotin analyses were performed at the Laboratory of Environmental Chemistry 
and Ecotoxicology, Center for Marine Environmental Studies (CMES) of Ehime University, 
Japan. Tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT) triphenyltin (TPT), 
diphenyltin (DPT), were measured by GC-MSD (Hewlett-Packard 6870 GC system with 
5973 mass selective detector and 7683 series auto sampler) in selected ion monitoring 
mode (EI-SIM) and quantified by isotope dilution method following the protocol described 
by Sousa et al. 2009a. Average recovery rates ± St Dev (%) for each surrogate compound 
in sediments and biological samples, respectively, were: d9-MBT: 52.2±10.6 and 
56.8±11.0; d18-DBT: 94.5±9.1 and 89.8±5.9; d27-TBT: 94.6±6.0 and 77.2±7.8; d10-DPT: 
84.3±8.3 and 75.8±8.2; d15-TPT: 125.4±26.5 and 119.0±18.9. The limits of detection 
(LODs; in terms of ng Sn g-1 dw) for sediments and mussel tissues were, respectively, 0.2 
and 0.1 and for MBT; 1.2 for DBT; 0.2 and 0.1 for TBT; 0.2 and 0.1 for DPT; 0.2 and 0.2 
for TPT. 
 
Metal analysis 
Copper (Cu) and zinc (Zn) were determined at Eurofins-Moss (Norway) using 
inductively coupled plasma mass spectrometry (ICP-MS) according to ISO 17294-2 (ISO, 
2003). 
 
Tin-free booster biocides analysis  
Quantitative analysis of irgarol 1051 (2-(tert-butylamino)-4-cyclopropylamino)- 6-
(methylthio)-1,3,5-triazine) and its metabolite GS 26575 (2- methylthio-4-terst-butylamino-
6-amino-s-triazine), tolylfluanid (N-[dichlor(fluor) methyl]sulfanyl-N-(dimethylsulfamoyl)-4-
methylanilin) and dichlofluanid (N-[dichloro(fluoro)methyl]sulfanyl-N-
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(dimethylsulfamoyl)aniline) were analysed by GC-MS whilst diuron (3-(3,4-dichlorophenyl)-
1,1-dimethylurea) was performed by LC-MS at the Norwegian Institute for Water Research 
(NIVA; Norway) according to previously published methods (Thomas and Langford, 2009). 
Average recovery rates ± St Dev (%) were calculated in relation to d5-atrazine and d6-
diuron for the two different compartments analysed - sediment and mussel tissues - and 
were, respectively: 70 ± 8 and 108 ± 13 for irgarol 1051; 75 ± 15 and 13 ± 13 for GS 
26575; 63 ± 7 and 52 ± 16 for tolylfluanid; 374 ± 54 and 9 ± 6 for dichlofluanid; 70.1 ± 3.5 
for diuron in both compartments. The LODs for sediment and mussel tissue samples (in 
ng g-1 dw) were calculated per sample. In sediments, the LOD for irgarol varied between 4 
and 8; for GS 26575 was 1; tolylfluanid varied between 3 and 5; dichlofluanid from 5 and 
45; and for diuron the LOD ranged from 8 to 25 ng g-1 dw. In mussel tissues, the LOD for 
irgarol was 1, for GS 26575, tolylfluanid and dichlofluanid was 2 and for diuron varied 
between 3 and 20 ng g-1 dw. 
 
 2.2.6 - Statistical analysis  
 
Correlation analysis refers to Spearman’s rank coefficient. The post-hoc Dunn test 
for multi-comparisons was used following application of the Kruskal-Wallis test to analyse 
the evolution of imposex incidence (% I) and the Vas Deference Sequence Index (VDSI) 
on the Portuguese coast between 2003 and 2011. Statistical data analyses were 
performed using Statistica 6.0 and Prism 4.0 software. 
 
 2.2.7 – Ecological Risk Assessment 
  
 The environmental levels of the chemicals under analysis were compared to 
Environmental Quality Standards (EQSs) and/or Ecotoxicological Assessment Criteria 
(EAC), when available. An EQS is a value normally defined by a regulation, which 
specifies the maximum permissible concentration of a potentially hazardous chemical in 
an environmental sample – commonly, air or water (European Commission, 2013). EQSs 
are indicative values rather than universal standards and many countries have their own 
standards that are used to evaluate the extent of pollution and potential for ecological 
damage in their territories. Opportunely, some legislation such as the Water Framework 
Directive (WFD; 2000/60/EC) have established EQSs with the aim to achieve a good 
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ecological status in European water bodies such as lakes, rivers, coastal, transitional and 
ground waters for a specific list of priority substances (European Commission, 2013) in 
which TBT - used in this study as a reference AF biocide - is included. However, for the 
majority of the compounds, including priority substances, no agreed quality criteria for 
sediments or mussels exist (Ghekiere et al., 2013; Langston et al., 2015).  
 The EACs were developed by OSPAR (former Oslo and Paris Commission), a 
mechanism by which 15 Governments and the EU cooperate to protect the marine 
environment of the North-East Atlantic. The lower EACs represent the concentrations 
below which no biological effects are expected to occur in marine species, including the 
most sensitive ones; values between the lower and upper EAC indicate the possibility of 
occurring biological effects such as impaired growth and reproduction; above the upper 
EAC long-term biological effects are likely to happen (including impaired growth 
reproduction and survival) and acute biological effects are possible to occur (OSPAR, 
2004). Whenever only one EAC is presented, this value represents the concentration 
below which no chronic effects are expected to occur (OSPAR, 2004). EACs are only 
defined for the OSPAR priority substances (that partially overlap with those from the 
WFD). Usually, EACs are also developed to other compartments rather than water, 
namely sediment and biota. The approach for the EACs derivation is based on the method 
used to calculate the Predicted No Effect Concentrations (PNEC) that in turn are 
calculated based on ecotoxicity data (NOEC, LC50), to which assessment factors are 
applied (typically 10, 100 or 1000). These PNEC estimations are usually derived from 
species of concern - those that are more likely to be affected by the substance mode of 
action - or model species. PNECs are frequently used in the frame of risk assessment 
presented generally within the European Regulations that deal with chemicals (Ghekiere 
et al., 2013), either the EC 1907/2006, also known as REACH (Registration, Evaluation, 
Authorization and Restriction of Chemicals), or more recently the BPR. These values are 
compared with predicted environmental concentrations (PEC) in order to characterize the 
risk. Other possibility to estimate PEC is the extrapolation of water concentration from 
organisms’ concentrations. However, the bioconcentration factor (BCF) at the steady state 
for a certain species and chemical needs to be known (Solomon et al., 2008).  
 The measured sediment and mussel concentrations from the Portuguese coastline 
were compared against the available quality standards. Our search focused on EQSs 
defined by European regulations through the European Commission website 
(https://ec.europa.eu/jrc/en/scientific-tools), although, when not found, others were used.  
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 2.3 - Results 
 
 
 The spatial distribution of some substances used as antifouling biocides along the 
Portuguese coast in 2011 in both mussel tissues and sediment samples are summarized 
in Figure 2.2. Among all analysed substances, Cu, Zn, OTs and diuron were detected in 
almost all sediment and mussel samples while the remainder substances had a less 
common occurrence (Table 2.1 for mussel tissues and Table 2.2 for sediments). The 
results are described in more detail in the subsequent sections 2.3.1 and 2.3.2. Copper 
and Zinc occur naturally and may have a variety of anthropogenic contamination sources 
(e.g. agriculture pesticides, industry, etc.), so it is difficult to establish a direct link between 
environmental levels and antifouling contamination. Similarly, some AF biocides such as 
diuron are also used as pesticides in agriculture and environmental levels may depend on 
this source. In order to partially overcome this problem, we determine the spatial 
correlations of the analysed substances with the presence of vessels and the level of TBT 
contamination, as this organotin is a widespread AF-contaminant that serves as a good 
marker of naval activity (assuming that this biocide was almost exclusively used in AF-
paints in the portuguese coast; Barroso and Moreira, 2002). One should note, however, 
that even if there is a spatial correlation between a given substance and the presence of 
vessels, this might not always be linked to AF-paints since naval activity can generate 
different types of contamination (for instance, Zn is frequently applied as sacrificial anode 
in vessels, besides AF-paints; Boxall et al., 2000). Even so, this approach is useful to 
depict possible links between biocide environmental contamination and AF paints to be 
confirmed in further studies. 
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Figure 2.2 - Spatial distribution of some substances used in AF paints measured in tissues of 
mussels collected at 37 stations and sediment collected at 12 stations along the Portuguese coast. 
Stations marked with the symbol § were not analysed to the respective compound. 
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Table 2.1 - Mytilus galloprovincialis: Concentration of organotin compounds (in ng Sn g-1 dw) namely tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT), 
diphenyltin (DPT), triphenyltin (TPT), monoctyltin (MOT) and dioctyltin (DOT); selected booster biocides (in ng g-1 dw) – irgarol and its degradation product 
GS26575, diuron, tolylfluanid and dichlofluanid - copper (Cu) and zinc (Zn) (in mg Kg-1 dw) in whole mussel tissues collected in 2011 along the Portuguese 
coast. na: not analysed. 
 
 
Code Sampling site 
Conc.  
ng Sn g-1 dw 
Conc.  
ng g-1 Dw 
Conc.            
mg Kg-1 dw 
MBT DBT TBT DPT TPT MOT DOT Irgarol GS26575 Diuron Tolylfluanid Dichlofluanid Cu Zn 
1 Vila Praia de Âncora na na na na na na na <1 <2 11,9 <2 <2 na na 
2 V. Castelo - Praia Norte na na na na na na na <1 <2 5,3 <2 <2 6,8 450 
3 V. Castelo – Barra na na na na na na na <1 <2 <10 <2 <2 na na 
4 V. Castelo – Cais na na na na na na na <1 <2 <14 <2 <2 8,4 180 
5 V. Castelo – Marina 16 18 47 <0.2 <0.2 <3.0 <1.0 183,2 188,8 11,2 26,8 5,7 5,6 130 
6 V. Castelo – Estaleiro 120 180 420 <0.2 1,3 <3.0 <1.0 <1 <2 20,8 <2 160,1 6 230 
7 Praia da Amorosa na na na na na na na <1 <2 7,4 <2 <2 4,9 360 
8 Póvoa de Varzim na na na na na na na <1 <2 <20 <2 99,7 4,5 370 
9 Praia de Leça na na na na na na na <1 <2 13,1 <2 <2 4,6 640 
10 Praia da Foz na na na na na na na <1 <2 8,5 <2 <2 5,3 320 
11 Leixões Marina 140 100 250 <0.2 0,9 <3.0 <1.0 <1 <2 <15 <2 <2 11 270 
12 Porto Leixões  31 25 75 <0.2 <0.2 <3.0 <1.0 <1 <2 7,8 <2 <2 7,8 240 
13 Aguda na na na na na na na <1 <2 4,5 <2 <2 4,8 230 
14 Espinho na na na na na na na <1 <2 7,5 <2 <2 5,7 150 
15 Forte da Barra na na na na na na na <1 <2 <15 <2 <2 4,6 390 
16 Aveiro – Marégrafo 3,8 3,0 9,5 <0.2 <0.2 <3.0 <1.0 <1 <2 3,1 <2 <2 4 170 
17 Aveiro - M. Mira na na na na na na na <1 <2 <3 <2 <2 5,9 340 
  
 
18 Aveiro - P. Pesca Largo na na na na na na na <1 <2 8,1 <2 <2 6,3 180 
19 Aveiro - P. Com. Norte <0.2 7,5 17 <0.2 <0.2 <3.0 <1.0 <1 <2 7,8 <2 <2 5,7 270 
20 Figueira da Foz <0.2 4,2 6,2 <0.2 <0.2 <3.0 <1.0 <1 <2 7,5 <2 <2 4,9 300 
21 Nazaré <0.2 3,5 4,0 <0.2 <0.2 <3.0 <1.0 67,9 67,6 10,8 5,3 <2 4,4 250 
22 Peniche – Praia na na na na na na na <1 <2 <10 <2 <2 na na 
23 Peniche – Marina 72 120 310 1,3 14 <3.0 <1.0 <1 <2 8,3 <2 <2 9,8 230 
24 Praia do Guincho na na na na na na na <1 <2 <8 <2 <2 na na 
25 Praia das Avencas na na na na na na na <1 <2 <10 <2 <2 4,2 180 
26 Lisboa –  Belém 26 39 90 <0.2 2,0 <3.0 <1.0 38,8 54,9 6,9 <2 <2 5,6 350 
27 Lisboa – Alcantara 60 120 320 <0.2 1,4 <3.0 <1.0 30,8 4,1 <15 <2 2,3 na na 
28 Lisboa – Trafaria na na na na na na na <1 <2 12,3 <2 <2 4,7 140 
29 Lisboa – Porto Brandao na na na na na na na 18,7 <2 15,2 <2 22,4 5,1 110 
30 Sines - Porto Pesca 61 77 180 <0.2 4,7 <3.0 <1.0 <1 <2 9,0 <2 <2 8,4 330 
31 Vila Nova de Milfontes na na na na na na na <1 <2 <8 <2 <2 5,1 300 
32 Cabo Sardão <0.2 2,2 1,1 0,4 12 <3.0 <1.0 <1 <2 <7 <2 <2 na na 
33 Zambujeira Mar – Praia 4,3 2,2 2,5 <0.2 <0.2 <3.0 <1.0 <1 <2 12,0 <2 <2 na na 
34 Zambujeira do Mar  5,6 2,6 3,4 <0.2 <0.2 <3.0 <1.0 <1 <2 <10 <2 <2 4,8 320 
35 Praia do Amado na na na na na na na <1 <2 17,0 <2 <2 na na 
36 Praia Luz na na na na na na na <1 <2 <8 <2 <2 5,3 390 
37 Lagos – Marina na na na na na na na <1 <2 <20 <2 <2 8,2 94 
 
 
 
 
 
  
 
 
 
Table 2.2 - Sediments: Concentration of organotin compounds (in ng Sn g-1 dw) namely tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT), diphenyltin 
(DPT), triphenyltin (TPT), monoctyltin (MOT) and dioctyltin (DOT); selected booster biocides (in ng g-1 dw) – irgarol and its degradation product GS26575, 
diuron, tolylfluanid and dichlofluanid - copper (Cu) and zinc (Zn) (in mg kg-1 dw) collected in 2011 along the Portuguese coast. na: not analysed. 
 
 
Code Sampling site (ng Sn/g dw) 
ng g-1 dw mg/kg dw 
MBT DBT TBT DPT TPT MOT DOT Irgarol GS26575 Diuron Tolylfluanid Dichlofluanid Cu Zn 
4 V. Castelo – Cais na na na na na na na 11,66 <1 12,29 21,73 <5 240 620 
5 V. Castelo – Marina 12 4,6 12 <0.1 <0.1 1,6 1,4 62,24 <1 45,75 <5 <5 29 180 
6 V. Castelo – estaleiro 110 140 350 9,8 43 2,3 1,9 12,84 <1 67,42 <5 <5 88 220 
11 Leixões Marina 170 230 330 4,3 3,8 26 18 <5 <1 28,18 21,99 <45 160 440 
12 Porto Leixões 17 6,1 10 <0.1 <0.1 3,9 2,6 <5 <1 42,23 9,38 <5 59 210 
17 Aveiro - M. Mira na na na na na na na <4 <1 27,51 <5 <5 1,7 <10 
18 Aveiro - P. Pesca Largo na na na na na na na <8 <1 18,81 <3 <5 18 80 
19 Aveiro - P. Com. Norte 4,7 1,3 3,0 <0.1 <0.1 <1.0 <0.2 <5 <1 <25 <5 <5 11 75 
23 Peniche - Marina na na na na na na na 6,75 <1 7,70 <5 <5 2,5 <11 
26 Lisboa - Belém 210 340 850 11 23 1,4 0,9 40,15 41,20 16,80 <3 <5 47 120 
27 Lisboa - Alcantara na na na na na na na <6 <1 11,54 <3 <5 52 160 
28 Lisboa - Trafaria 42 43 140 0,3 0,5 1,7 1,2 na na na na na na na 
37 Lagos - marina na na na na na na na 43,01 <1 10,79 <5 <5 62 160 
 
 
 
 
 
Chapter 2 – Antifouling biocide contamination along the Portuguese coast 
 58 
  
 2.3.1 - Mytilus galloprovincialis 
 
 
Butyltins (BuTs) accounted for the highest percentage of the total OTs (95 %) and 
amongst them TBT was the most abundant with an average percentage of 52 % whilst 
DBT and MBT represent 28.8 and 19.2 %, respectively. Significant correlations were 
observed between TBT and each one of its degradation products DBT (r= 0.990; p<0.001) 
and MBT (r=0.872; p<0.001). Phenyltins (PhTs) represented about 5 % of the total OTs 
and were detected in 7 out of 16 sampled sites. Significant correlation was observed 
between TPT and DPT (r=0.737; p<0.001). TBT was detected in all mussel samples 
analysed and in much higher concentrations than TPT: the highest TBT concentration was 
420 ng Sn g-1 dw observed at the dockyard of Viana do Castelo (st. 6) whilst the 
maximum TPT content detected was 14 ng Sn g-1 dw at Peniche – fishing port (st. 19). 
About 80 % of the mussel samples analysed for OTs were collected in the so-called TBT 
hotspots and therefore the TBT content was much higher in those samples (17 to 420 ng 
Sn g-1) than in mussels coming from beaches that presented much lower TBT levels 
(stations 21, 32 and 33 with 4, 1.1 and 2.5 ng Sn g-1 dw, respectively; Table 2.1). TPT 
distribution was more heterogeneous: from the 15 analysed sites, 8 were below the LOD 
and the second highest TPT content was detected in mussels from the beach Cabo 
Sardão (st. 32; 12 ng Sn g-1). 
 
Copper concentrations in whole mussel tissue varied between 4 and 11 mg Kg-1 
dw with a mean value of 6 mg Kg-1 dw whilst zinc was consistently higher with a mean 
value of 273 mg Kg-1, ranging from 94 – 450 mg Kg-1. Only station 9 – Praia de Leça 
displayed a higher Zn concentration (640 mg Kg-1) when compared to the other sampling 
sites. Significant correlations with TBT were only observed for Cu (r=0.867; p<0.001) and 
not for Zn (r=-0.080; p=0.067).   
 
Regarding the tin-free organic biocides, diuron was the most widespread as it was 
detected in ~ 60 % of the mussel samples collected across the coast, including ports, 
marinas and beaches. Despite its ubiquity, diuron displayed the lowest concentrations 
ranging from 3.1 up to a maximum of 20 ng g-1 dw. Irgarol and its major metabolite 
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GS26575 showed similar distributions. Both were analysed since the later may also leach 
directly from surfaces painted with Irgarol 1051 based antifoulants instead of only deriving 
from Irgarol n-dealkylation (Thomas et al., 2003). Irgarol ranged from 18.7 to 183.2 and 
GS26575 from 4.1 to 188.8 ng g-1 dw and both were measured at 2 marinas (st. 5 and 
26), one beach located in the vicinity of a fishing port (st. 21 – Nazaré) and at the Lisbon 
harbour area (st. 27 - Lisboa-Alcantara). Irgarol was also further measured in st. 29 – 
Porto Brandão where the metabolite was below the LOD. Nevertheless, an extremely low 
recovery rate for GS26575 in mussel tissues was achieved and so, these results should 
be regarded with caution and repeated in the future. Similarly low recoveries were also 
obtained for dichlofluanid. Despite the low recovery rates, this compound was detected in 
5 stations and varied from 2.3 to 160.1 ng g-1 dw occurring in one beach (st. 8 – Póvoa de 
Varzim), two stations in the Lisbon harbour area (the harbour at st. 27 – Lisboa-Alcantara 
and st. 29 – Lisboa-Porto Brandão) and in Viana do Castelo (the marina at st. 5 and the 
shipyard at st. 6). Lastly, measurable tolylfluanid concentrations were found in mussels 
from only two stations: st. 21 – Nazaré beach and and st. 5 – Viana do Castelo marina 
with 5.3 and 26.8 ng g-1 dw, respectively.  
 
 
 2.3.2 - Sediments 
 
Within the OTs, BuTs were frequently detected corresponding to 97 % of the total 
OTs. TBT contributed with 47 % of the total BuTs followed by MBT with 32 % and DBT 
with 21%. Significant correlations were observed between TBT and each one of its 
degradation products DBT (r = 0.929; p < 0.01) and MBT (r = 0.929; p < 0.01). PhTs 
represented 3 % of the total OTs, similarly to what was registered for mussel tissues. 
Contrarily to mussel tissues, significant correlations were also observed between TBT and 
TPT content in the sediments (r = 0.927; p < 0.01). 
 
Copper was detected in all analysed sediment samples (Table 2.2). However, 
differently to what was observed in mussels where it is subjected to physiological 
regulation, Cu concentrations were fairly variable ranging between 1.7 and 240 mg Kg-1 
dw with a mean value of 64 mg Kg-1 dw. Zn showed a mean value of 226 mg Kg-1 dw and 
varied between 75 and 620 mg Kg-1 dw, a similar range found in mussels. Significant 
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correlations were observed between both metals (r= 0.894; p<0.001) but none was 
achieved between them and TBT.  
 
Again, the organic tin-free biocides were less frequently detected in the sediments 
with the exception of diuron that was found in all but one station. Diuron ranged between 
7.7 and 67 ng g-1 dw. Irgarol was the second most frequent biocide being detected in half 
of the sampled stations in concentrations varying between 11.6 and 62.2 ng g-1 dw. The 
highest concentrations of irgarol in the sediments were found in 3 marinas (st. 5, 37 and 
26). The degradation product of irgarol - GS26575 - was only detected at st. 26 – Lisboa 
Belém marina. Tolylfluanid was measured in sediments from 3 stations from the north 
Portuguese coast: a port (st. 11) and a marina (st. 12) at the Leixões harbour and a pier in 
Viana do Castelo harbours next to the port and dockyard (st. 4 – Viana do Castelo-Cais), 
varying between 9 and 22 ng g-1 dw. Dichlofluanid was always below the detection limit. 
No significant correlations were observed between organic tin-free biocides and TBT. 
 
 
 2.3.3 - Nucella lapillus: OT content and imposex 
  
 N. lapillus imposex levels along the Portuguese coast in 2011, namely mean Female 
Penis Length (FPL), Vas Deferens Sequence Index (VDSI), percentage of females 
affected by Imposex (%I) and Relative Penis Size Index (RPSI), as well as OT tissue 
concentrations are summarized in table 2.3. OT compounds were detected in all analysed 
dogwhelk samples from 2011. Butyltins (BuTs) - TBT, DBT and MBT - accounted for the 
highest percentage (97%) of the total OTs whilst phenyltins (PhTs) contributed with only 3 
%. TBT ranged between 1.4 and 30.4 ng Sn g-1 dw, DBT between 1.9 and 25.8 ng Sn g-1 
dw and MBT was below the detection limit in two stations and attained a maximum of 15.4 
ng Sn g-1 dw at station 24 – Zambujeira do Mar. TPT was measured in 10 of the 14 
sampled stations though with fairly lower concentrations (0.3 – 1.4 ng Sn g-1 dw).  
  
 Although the TBT content in dogwhelk tissues has been decreasing in the last 
decades (Barroso and Moreira, 2002; Galante-Oliveira et al., 2006; 2009; Sánchez-Marín 
et al., 2015), the TBT concentrations are still enough to induce imposex. In fact, during 
this campaign, no dogwhelk populations were found to be completely free from this 
phenomenon as imposex incidence (%I) ranged between 36.7 and 100 % and VDSI from 
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0.39 to 3.75. The RPSI was very low and varied between 0.00 and 1.22. Sterility was 
observed at only one station (st. 34 - Zambujeira do Mar; 8.3 %). Aphallic females were 
found at 4 stations: the highest aphally percentage (11 %) was detected at the small 
fishing port in Zambujeira do Mar (st. 34; the only fishing port where dogwhelks were 
found and collected) and in other 3 beaches st. 8 – Póvoa de Varzim with 2,8 %, st. 12 – 
Praia da Foz with 4 % and st. 25 – Praia das Avencas with 2,7 %. No male aphally was 
observed. 
 
 
 
Table 2.3 - N. lapillus: imposex and OT tissue concentration recorded in 2011 in dogwhelks from 
the Portuguese coast. Sample size (N), mean shell height (SH), mean Female and Male Penis 
Length (FPL and MPL respectively), Vas Deferens Sequence Index (VDSI), the percentage of 
females affected by Imposex (%I), Relative Penis Size Index (RPSI) and concentrations of 
tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT) and triphenyltin (ng Sn g-1 dw) for the whole 
female tissues. na: not analysed. <LOD: below detection limit. 
 
Code Sampling site 
Female Male Imposex Conc. ng Sn/g dw 
n 
SH 
(mm) FPL n 
SH 
(mm) MPL VDSI RPSI %I %S MBT DBT TBT TPT 
1 Vila Praia de Âncora 38 21.62 0.05 28 20.45 3.44 0.74 0.00 86.49 0.0 5 6.7 7.1 0.3 
2 Praia Norte - Viana 46 21.81 0.21 20 21.19 2.81 1.54 0.04 97.83 0.0 4.1 5.7 6.7 0.4 
7 Praia da Amorosa 40 20.76 0.02 23 20.04 2.84 0.82 0.00 67.50 0.0 na na na na 
8 Póvoa de Varzim 34 23.93 0.02 37 23.12 2.88 1.09 0.00 95.83 0.0 11.6 18.1 18.6 0.3 
9 Praia de Leça 34 23.96 0.02 38 22.60 3.44 0.76 0.00 75.00 0.0 na na na na 
12 Praia da Foz 48 23.16 0.05 22 21.56 3.08 0.81 0.00 64.58 0.0 5 6.5 8.3 1 
13 Aguda 48 24.86 0.07 24 24.32 3.26 1.04 0.00 85.42 0.0 na na na na 
14 Espinho 60 24.58 0.02 28 24.09 4.33 0.58 0.00 53.33 0.0 na na na na 
15 Forte da Barra 40 30.39 0.25 20 30.59 5.1 1.2 0.01 69.39 0.0 4.3 7.3 12.1 0.4 
16 Aveiro – Marégrafo 37 28.74 0.04 30 29.04 3.78 1.00 0.00 86.49 0.0 4.7 8.8 11 0.5 
20 Figueira da Foz 49 20.00 0.01 20 18.30 2.86 0.39 0.00 36.73 0.0 <LOD 5.7 8.9 0.6 
21 Praia da Nazaré 44 19.81 0.04 28 18.35 3.50 0.50 0.00 40.91 0.0 6.2 5.6 8.8 0.6 
24 Praia do Guincho 40 19.97 0.06 20 19.85 4.14 0.73 0.00 65.00 0.0 15.4 17.2 4.4 1.4 
25 Praia das Avencas 36 18.78 0.00 23 17.93 1.91 0.47 0.00 44.44 0.0 6.4 9 8.7 1.6 
33 Zambujeira Mar -praia 42 19.80 0.02 28 19.00 2.28 0.55 0.00 45.24 0.03 2.8 1.9 1.4 <LOD 
34 Zambujeira do Mar 24 18.86 0.96 14 19.20 4.17 3.75 1.22 100.00 8.3 24 25.8 30.4 <LOD 
35 Praia do Amado 26 18.90 0.00 20 19.42 4.01 0.65 0.00 65.40 0.0 <LOD 2 2.3 <LOD 
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 2.4 - Discussion 
 
 
 2.4.1 - OT compounds 
 
  
 Although the OT global ban is in place since 2008 in vessels navigating the 
European waters, TBT pollution is still noteworthy as imposex is still widespread along the 
coast in 2011. The butyltin degradation index (BDI) also suggests the occurrence of fresh 
TBT inputs into the environment. BDI is based on the relation between TBT 
concentrations and the concentration of its major decay products – DBT and MBT – in a 
particular matrix (BDI=([MBT]+[DBT])/[TBT]). This index was first developed for sediments 
(Díez et al 2002) but has also been used for mussels (Kim et al., 2008; Sousa et al., 
2009a) and gastropods (Ruiz et al., 2008; Sousa et al., 2009b). Essentially, if BDI < 1 then 
TBT concentrations are higher than the sum of its decay products, meaning that fresh 
inputs of this biocide are still occurring. Mussels revealed fresh TBT inputs (BDI<1) in 10 
out of 15 stations (Figure 2.3). However, if a separation between former TBT hotspots 
(like ports, marinas and shipyards) and beach stations is performed, only the first ones 
reveal fresh inputs (mean BDI hotspots = 0.7; mean BDI beaches = 1.4). Regarding 
dogwhelks, as they were almost found in beaches, no separation between sites is 
needed. Just like in mussels collected from beaches, the calculated mean BDI of 1.9 for 
dogwhelks does not suggest recent TBT inputs. In fact, from the 13 samples of N. lapillus 
analysed for OTs only 3 exhibited a BDI < 1. The lowest BDI was registered at the small 
fishing port at Zambujeira do Mar (st. 34; BDI = 0.6), where illegal use of TBT-based AF 
paints is suspected to occur. The other two were found at two beaches: Praia do Amado 
(st 35; BDI = 0.9) and Figueira da Foz (st. 20; BDI = 0.7).  
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Figure 2.3 - The butyltin degradation index in N. lapillus (black) and M. galloprovincialis (grey) 
across stations. The red bar represents BDI = 1; BDI < 1 indicates fresh TBT inputs. 
 
 
 The BDI computed for the sediments identified 3 (out of 7) stations where fresh TBT 
inputs occur. We compare these results with mussels since it is known that sediments can 
act as a sink of OT compounds posing a permanent risk of OT resuspension leading to 
water and biota contamination (Langston and Pope, 1995; Ruiz et al., 2008). One of the 
sites presenting a BDI < 1 is a shipyard (st. 6 - Viana do Castelo estaleiro), where fresh 
inputs were also observed in mussel tissues. We hypothesise that these TBT fresh inputs 
to both sediment and mussels may come from the occurrence of TBT or even paint 
particles buried in the sediment. The same can occur in the other two stations located in 
the Lisbon harbour area: a marina (st. 26 – Lisboa Belém), where BDI<1 was observed in 
mussels, and a commercial port (st. 28 - Lisboa Trafaria) (no mussel samples are 
available). 
  
 In this study, TPT occurs in much lower concentrations than TBT in both biota 
(mussels and dogwhelks) and sediments. Although it has been proven that this compound 
can also be harmful to organisms, the concentrations in the Portuguese coast are not as 
alarming as TBT. This is somehow expected because in Europe the percentage of TPT 
used in AF paints formulations is much lower when compared to TBT (Ceulemans et al., 
1998). Consequently, phenytltin levels in mussels collected around Europe are typically 
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below the detection limits or at least occur in much lower concentrations than butyltins 
(Bortoli et al., 2003; Ruiz et al., 2005; Magi et al., 2008; Nemanicˇ et al., 2009; Zanon et 
al., 2009).  
 
 
 2.4.2 - Temporal trends in OT pollution 
 
A general decreasing trend of TBT levels has been observed. Concerning the 
dogwhelk N. lapillus, a statistically significant recovery of imposex was observed when 
comparing the 2011 data with previous surveys (Barroso and Moreira, 2002; Galante-
Oliveira et al., 2006, 2009). Both the analysis of the VDSI and %I over time (Figure 2.4), 
confirms a decrease of the imposex levels along the Portuguese coast. The only 
exception was st. 34 – Zambujeira do Mar - where the highest VDSI (3.75) was found and 
sterile females were present; accordingly, here we registered the highest TBT content in 
the dogwhelk tissues (30 ng Sn/g dw). 
 
 
 
 
 
Figure 2.4 - N. lapillus: temporal evolution of imposex incidence (%I; A) and Vas Deference 
Sequence Index (VDSI; B) along the Portuguese coast from 2000 to 2011 assessed in 12 common 
stations. Comparisons between years were tested using Kruskal-Wallis followed by the Dunn post-
hoc test. Only significant comparisons are marked in the graph: **p < 0.01; ***p < 0.001. 
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In the case of M. galloprovincialis, even though different sites were assessed in 
previous surveys (Barroso et al., 2004; A. Sousa et al., 2009a), the maximum TBT levels 
reported in each campaign have been decreasing: in 2000 the maximum TBT content was 
789 ng Sn g-1 dw (st. 29 - Lisboa - Porto Brandão); in 2006, 720 ng Sn g-1 dw was 
measured in mussels from st. 4 - V. Castelo - Cais; and in the present survey a maximum 
of 420 ng Sn g-1 dw was reported at st. 6 - V. Castelo - Estaleiro. From the two common 
stations between this study and the 2000 mussel campaign (Barroso et al., 2004), a 
decrease was observed; nevertheless, just two stations are not enough to understand if 
such differences were statistically significant. On the other hand, ten sites were commonly 
assessed during the 2006 (Sousa et al., 2009a) and 2011 campaigns (this study) but 
comparisons revealed that no statistical significance was achieved between both years 
(Figure 2.5). In fact, 50% of the sampling sites registered a slight increase on the mussel 
tissues’ TBT content. We hypothesise that this increase may be related with the fact that 
several mussel stations occur in former TBT hotspots and therefore desorption episodes 
from contaminated sediments may still be occurring, turning the recovery much slower or 
even inexistent; moreover, because the sampling for OT analysis was more intense in 
these places rather than beaches, the results may be biased towards the most 
contaminated stations. 
 
 
Although results from dogwhelks and mussels seem contradictory, one must keep 
in mind that the typology of the stations assessed for both species is fairly different. 
Usually, former TBT hotspots do not provide an adequate habitat for dogwhelks whilst 
mussels are ubiquitous along the coast. However, when both species were sampled at the 
same stations (st. 16, 20, 21, 33 and 34), one can observe that the measured range is 
rather similar: 1.4 to 11 and 2.5 to 9.5 ng Sn g-1 for N. lapillus and M. galloprovincialis, 
respectively. Moreover, as stated in the former section, the BDI analysis revealed no fresh 
inputs for beach stations. 
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Figure 2.5 - M. galloprovincialis: temporal evolution of TBT concentration in mussels collected in 
2000, 2006 and 2011 in the Portuguese coast. 
 
 
Concerning the evolution of TPT pollution at the Portuguese coast, less data is 
available. In 2000, Barroso and co-workers (2004) have found measurable levels in 
mussel from only one location (Porto Brandão referred in the current study as st. 29), 
probably due to the high detection limits of the first applied techniques, while in the 15 
sampled sites analysed by Díez et al. (2005) TPT was not detected. A few years later, in 
2005 and 2006, two surveys using M. galloprovincialis, performed in Ria de Aveiro, 
(Sousa et al., 2007) and along the Portuguese coast (Sousa et al., 2009), respectively, 
showed that TPT occurred in very small percentage in relation to the total Ots, as 
observed in the 2011 campaign. 
 
Regarding TPT content in N. lapillus from the Portuguese coast, only one study 
prior to this campaign has reported measurable TPT concentrations in 2000: TPT 
concentrations varied between 12 and 21 ng g-1 Sn dw (Barroso and Moreira, 2002), 
around one order of magnitude higher than those observed in the 2011 campaign (0.3 to 
1.6 ng g-1 Sn dw).  
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 2.4.3 - Ecological Risk analysis	
 	
 Organotins 
 TBT has been identified as a priority substance under the WFD and the OSPAR lists 
and thus quality standards have already been developed for this compound (table 2.4). In 
this study, direct comparisons are made with specific EACs (upper and lower) defined by 
OSPAR for mussels and sediments, and with QS for sediments, derived from EQS 
established for water by the European Commission. 
 
 
 
Table 2.4 - Environmental Quality Standards (EQS; AA-EQS - annual average concentration and 
MAC-EQS - maximum acceptable concentration established by the European Commission), 
Quality standards (QS, derived from the water EQS by the European Commission) and 
Ecotoxicological Assessment Criteria (EACs; derived by OSPAR) found in the literature for TBT in 
water, sediments and mussels. NF – not found. 
 
TBT in water References 
AA - EQS 0.2 ng L-1 (0.08 ng Sn L-1) European Commission, 2013 
MAC - EQS 1.5 ng L-1 (0,615 ng Sn L-1) European Commission, 2013 
EAC 0.1 ng L-1 (0.04 ng Sn L-1) OSPAR, 2004 
TBT in sediments 
 QS 0.02 ng g-1 dw (0.008 ng Sn g-1 dw) CIS-WFD, 2005 
EAC_upper 0.15 ng g-1 dw (0.06 ng Sn g-1 dw) OSPAR, 2004 
EAC_lower 0.01 ng g-1 dw (0.004 ng Sn g-1 dw) OSPAR, 2004 
TBT mussels 
 EQS NF - 
EAC_upper 175 ng g-1 dw (73 ng Sn g-1 dw) OSPAR, 2004 
EAC_lower 12 ng g-1 dw (5 ng Sn g-1 dw) OSPAR, 2004 
 
  
 
 All sediments analysed presented higher values than QS or EACs for TBT. 
Therefore, concentrations measured in the sediments close to harbours, ports and 
marinas along the Portuguese coast are at levels that can jeopardize the species 
occurring in such areas. Using a classification defined by Waite et al (1991) TBT 
concentrations in the sediments may be divided in 4 classes: from 10 to 50 ng Sn g−1 
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indicating lightly contaminated sites; between 60 and 200 ng Sn g−1 identifying medium 
contaminated sites; from 300 to 1000 ng Sn g−1 and above 1000 ng Sn g-1 specifying 
highly contaminated sites, the last possibly including paint particles within. From the 7 
sediment samples analyzed, 3 fell in the lower contaminated sites, (st. 5, st 12 and st.19), 
one site, st. 28 – Lisbon Trafaria, fell under the median contaminated sites whereas the 
others were considered highly contaminated. 
 
 The results for mussel samples disclosed 7 stations out of 15 above the upper-EAC. 
It means that, at the majority of the sites, long-term biological effects are likely to happen 
and acute biological effects (survival) are still possible (OSPAR, 2004). Four of these sites 
had already been depicted as environmental endangered in 2006 (Sousa et al., 2009): the 
shipyard at V. Castelo (st. 6), one marina (st. 26 – Lisboa – Belém), one fishing port (st. 
30 – Sines Porto de Pesca) and a beach nearby a fishing port (st. 22 – Peniche-praia). 
For the other three sites - two harbor stations, one at Lisbon (st. 27 – Alcantara) and the 
other at Porto (st. 12 – Porto Leixões) plus a marina (st. 11 – Leixões Marina), no prior 
information on their environmental risk existed in the past. Five stations (out of 15) fell 
between the lower and the upper-EAC indicating that potential biological effects such as 
impaired growth and reproduction may occur (OSPAR, 2004). These stations include a 
fishing port where suspicions on the illegal use of TBT exist  (st. 35 – Zambujeira do Mar), 
a marina (st. 5 – Viana-marina), a commercial port (st. 19 – Aveiro P. Com. Norte), one 
station at the entrance of an estuary (st. 16 – Aveiro – Marégrafo) and one beach station 
(st.20 – Figueira da Foz). Only 3 stations (out of 15) presented values below the lower-
EAC, meaning that concentrations found should not give rise to biological effects. These 
stations were st. 21 – Nazaré, st. 32 – Cabo Sardão and st. 33 – Zambujeira do Mar praia, 
classified as open coast beaches. Hence, TBT pollution is still of concern in the 
Portuguese coast, especially in places nearby former TBT hotspots, and further 
monitoring is necessary in order to track the impacts on the environment. 
  
 On the other hand, regarding N. lapillus imposex, only one station in 2011 did not 
achieved the Good Ecological Status, using the WFD classification proposed by 
Laranjeiro et al. (2015). For this species, the levels observed describe TBT has having a 
negligible impact on populations’ abundance. In fact, only the fishing port Zambujeira do 
Mar (st. 35) presented a Moderate Ecological Status - meaning that this population may 
present signs of distortion in terms of population abundance. 
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 At the best of our knowledge very scarce information on quality standards exist for 
TPT. This may be due to existing measures and policies that would deliver progressive 
reductions without the need for further actions. Not only TPT but other 11 substances 
were re-assessed and removed from an earlier existing directive named Dangerous 
Substances Directive (DSD; 76/464/EEC; WFD-UKTAG, 2012). Under this directive, only 
a Maximum Acceptable Concentration (MAC) of 8 ng TPT L-1 for water has been derived. 
Unfortunately, BCFs for mussels cannot be found in the literature in order to estimate 
possible TPT concentrations in water through our data on mussel tissues. Also PNECs for 
TPT do not seem to exist (HELCOM, 2009). Although no conclusions can be withdrawn 
from the levels of TPT in the Portuguese coast, one can state that that TPT 
concentrations in both mussels and sediments are far below those from TBT.  
 
Copper and Zinc 
 Heavy metals are naturally present in the aquatic environment as they are 
constituents of the earth crust. Besides their natural availability due to geochemical 
processes, they can also enter the marine environment via anthropogenic routes. These 
comprehend some specific industries, agriculture and also their use as biocides in 
antifouling paints. Some metals, like Cu and Zn, are essential for the metabolism of 
marine invertebrates but can exert toxic effects above certain threshold levels.  
  
 Copper and Zinc are known to accumulate in sediments (Morrisey et al., 1996; 
Warren, 1981) and according to the Canadian marine sediment quality guidelines, these 
compounds can pose a hazard at concentrations above 18.7 (for Cu) and 124 mg Kg-1 dw 
(for Zn), especially to marine/estuarine benthic organisms (CCME, 1999). From the 12 
sites sampled in this study only 4 sites are below the hazard concentrations mentioned in 
the guidelines for Cu, and only 5 sites respect this condition regarding Zn. Interestingly, 
for both metals, no correlation was observed between their content in sediments and in 
mussel tissues across stations. For Cu, the concentration in mussels tissues was always 
much lower than the observed for sediments, e.g. the maximum Cu concentration in 
sediments was measured at station 4 (Viana do Castelo – Cais; 240 mg Kg-1) where the 
Cu concentrations measured in mussel tissues was much lower (8.4 mg Kg-1). For Zn, no 
clear correlation could be observed between both compartments, as these were highly 
variable.  
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 Other studies undertaken at the Portuguese coast have reported similar values in 
mussel tissues comparing to our data in 2011: in 1994, Cu and Zn, in the Algarve coast 
were found to vary between 4.8 – 7.0 and 186 – 398 mg Kg-1, respectively (Bebianno and 
Machado, 1997); in 2005, the ranges reported for the same area varied between 10 and 
24,9 for Cu and 11 and 380 mg Kg-1 (Cravo et al., 2009); in 2013, Cu and Zn 
concentrations were found to range from 11 to 14 and 292 to 484 mg Kg-1, respectively, 
around the River Tagus Estuary (Santos et al., 2014). 
 
 It is known that some marine invertebrates have developed control systems to 
regulate physiological metal content in relation to environmental levels (Matthiessen et al., 
1999) and M. galloprovincialis is assumed to belong to this group. Two distinct 
environmental classification systems regarding contaminants in mussels are summarized 
in the work of (Besada et al., 2011): one developed by the Norwegian Pollution Control 
Authorities and the other by the US National Oceanic and Atmospheric Administration; no 
EQS or EACs were found to Cu or Zn. In both classification systems Cu concentrations 
measured along the Portuguese coast in mussel tissues are considered insignificant or 
low (Table 2.5). On the other hand, Zn concentrations in mussel tissues vary between the 
insignificant and moderate (30% and 70% of the total analysed sites, respectively) in the 
first classification system whilst for the US National Oceanic and Atmospheric 
Administrations, the values obtained from the Portuguese coast vary between low and 
high (10 and 30% of the analysed samples, respectively) being more abundant the 
moderately contaminated sites (60%). Therefore, further monitoring is needed in order to 
understand if the contamination caused by this metal may be problematic. 
 
 
Table 2.5 - International criteria (in mg Kg-1 dw) for copper and zinc concentrations in mussels. 
 
 
Norwegian Pollution Control Authorities 
US National Oceanic and Atmospheric 
Administration 
Insignificant Moderate Market Severe Extreme Low Moderate High 
Cu 10 30 100 200 > 200 5 – 16 17 – 39 40 – 857 
Zn 200 400 1000 2500 > 2500 48 – 139 140 – 320 321 – 11500 
 
Chapter 2 – Antifouling biocide contamination along the Portuguese coast 
 71 
 
Tin-free biocides  
At the best of our knowledge, this is the first study assessing the occurrence of 
diuron, irgarol 1051 (and its major metabolite GS 26575), tolylfluanid and dichlofluanid in 
sediments and mussels from the Portuguese coast, providing a spatial snapshot of the 
contamination by these compounds in 2011, three years after the IMO TBT ban. Other 
two studies have indeed quantified diuron: one in Portuguese riverine waters (de Almeida 
Azevedo et al., 2000) where irgarol was also detected; the second in sediments from the 
Alqueva reservoir, along the main course of the Guadiana River Basin (Palma et al., 
2015). However, both studies were focused on assessing the pesticides levels coming 
from agricultural usage that could contaminate the surrounding freshwater environments. 
Nonetheless, as irgarol is mostly used as AF biocide, its presence on the assessed rivers 
was thought to be related to boating activities occurring therein. 
 
For the 2011 campaign, our assumption on the AF distribution were that TBT 
would be more confined to harbours due to the first restrictions on the use of this 
compound in boats under 25 m (Directive 89/677/ECC) whilst the tin-free biocides would 
be more abundant in marinas, where the smallest boats are found. However, our data did 
not show any clear spatial pattern for the distribution of AF biocides. In fact, TBT highest 
concentrations were found in marinas instead of fishing or commercial ports and the 
distribution pattern of the other tin-free biocides was more or less random, except for 
irgarol in sediments that was higher in marinas than in ports. This may be due to the fact 
that the tin-free biocides (i) have other sources of contamination besides AF-paints, (ii) 
were not used at the same scale as TBT in the Portuguese coast or (iii) degrade faster 
and so their concentrations are hard to correlate with their sources. 
 
It is known that after the first TBT restrictions, several AF biocides started to 
emerge and were employed worldwide. Among others, irgarol and diuron were two of the 
most widely used alternatives (Martinez et al., 2001; Thomas et al., 2002) and the two 
most frequently detected tin-free biocides in areas of high boating activities (for review see 
Konstantinou and Albanis, 2004). However, precise information about which compounds 
and what amounts were used are very limited (Tornero and Hanke, 2016), and there is a 
lack of such data for Portugal.  
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A review on the AF paint biocides’ distribution and concentration in European 
waters that ran from 1999 to 2002 undertaken through the Assessment of Antifouling 
Agents in Coastal Environments (ACE) project (Readman, 2006) has shown that diuron 
presented the highest mean concentrations, especially in north-western Europe 
(Netherlands and Denmark) namely in Dutch marinas (mean = 328; range <1 – 1129 ng L-
1) and Danish ports (mean = 209; range <1 – 628). Irgarol 1051 was also measured, 
particularly in Mediterranean coastal environments: Spanish marinas (mean = 80; range 
<1 – 670) and ports (mean = 100; range <1 – 323). Occasionally, and mainly in the 
Mediterranean, other biocides, such as dichlofluanid, were also found in marinas around 
Spain (mean = 80; range <1 – 670) and Greece (mean = 100; range <1 – 323) (Readman, 
2006). Although important differences exist between the above-mentioned study and this 
campaign, being the most evident the analysis of different compartments (concentrations 
in water vs. concentrations in sediments and mussel tissues) and knowing that almost 10 
years have passed between studies, similarities on the occurrence of the tin-free biocides 
are clear. In this study diuron was also the most frequently detected biocide. This phenyl 
urea herbicide is not only applied as antifoulant, but has been largely used as a pesticide 
in both agricultural crops (cotton, sugar cane, fruits) or as broad-spectrum herbicide 
associated with weed control in non-crop areas (roads, garden paths and others) (Jones 
et al., 2003). Diuron is persistent in seawater (Callow and Willigham, 1996), being 
considerably stable to hydrolysis and sunlight irradiation, explaining the long reported half-
life of one month to one year in water (Okamura, 2002; Giacomazzi and Cochet, 2004). 
This compound has already been phased out from the AF market in several countries 
including those belonging to the EU (under the Commission Decision 2008/809/EC). Even 
though, in 2011 it was still possible to detect its presence in both sediments and mussels 
from the Portuguese coast. Interestingly, the maximum diuron concentrations (20.8 ng g-1 
dw) were found in mussel tissues from a shipyard (st. 6 – Viana do Castelo estaleiro) 
where removal (and repainting) of AF paints is usually performed. Either the direct release 
of biocides from AF paints might have occurred during the hull cleaning procedures 
adsorbing onto sediments and later released to the water (to be adsorbed by mussels), or 
paint particles might have been discarded and incorporated into sediments (Thomas, 
2001; Thomas et al., 2002). It is also known that biocides present in discarded paint 
particles can be more readily bioavailable that compounds directly bounded to sediments 
(Thomas et al., 2003). Remarkably, diuron concentrations found in mussel tissues were 
higher than those in the sediments, meaning that although this compound has been 
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phased out from the AF paints market it was still available in the water to be uptaken by 
biota. The fact that the concentration in sediments was lower than in mussels reinforces 
the idea that both paint particles as well as the usage of diuron in agriculture may be 
responsible for this outcome. It is known that sediments are a highly heterogeneous 
matrix and thus paint particles may have been missed in the collected samples. Among 
the other tin-free biocides assessed, irgarol was also detected in the sediments of this 
shipyard, although at a lower concentration. The s-triazine herbicide, irgarol 1051, has 
been mostly used as anti-fouling biocide and no other usage has been typically reported 
for this compound (Thomas, 2001). Moreover irgarol was amongst the first alternative to 
be used when the prohibition of TBT usage in smaller boats occurred. In fact, irgarol was 
mostly detected in marinas around the Portuguese coast when compared with fishing or 
commercial harbours. Its degradation in sea and freshwater is considered to be slow with 
a half-life of about 100 and 200 days, respectively (Ciba Geigy, 1995; Thomas, 2001). 
This compound has already been phased out in Sweden since 2001, was under restricted 
use in some European countries since 2005 (UK and Denmark) and was recently not 
approved for inclusion in the Annex I of the BPR to be used as AF product (Biocidal 
Products Committee, 2015). Therefore, its concentration levels are expected to diminish in 
a near future. 
 
Diuron has two proposed water EQSs under the WFD, an annual average 
environmental quality standard (AA-EQS) of 0.2 ng L-1 and a maximum allowable 
concentration environmental quality standard (MAC-EQS) of 1.8 ng L-1. Irgarol has a 
proposed AA-EQS of 2.5 ng L-1for water. Nevertheless, no BCFs in mussels were found 
for these compounds and so, no comparisons are allowed with data from this study. 
 
Tolylfluanid and dichlofluanid were approved to be used in AF products under the 
BPR in June 2014 (Biocidal Products Committee 2014) and in October 2016 (Biocidal 
Products Committee 2016), respectively. Both compounds share structural similarities and 
besides their use as biocides in AF paints they are likely to reach the marine environment 
through their agricultural usage as fungicides on various crops (Konstantinou and Albanis; 
2004). In Portugal, no previous reports on environmental concentrations exist. Despite 
their similarities, broader information about dichlofluanid is available: its hydrolytic 
degradation rate is very high with an estimated half-life in seawater varying between 18 
and 53 h (Callow and Finlay, 1995; Sakkas et al., 2001). Due to this, no accumulation of 
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dichlofluanid in sediments is expected (Hamwijk et al., 2005) and even when paint 
particles are buried into marine sediments, its degradation is still reasonably fast (half-life 
of 1.4 days; Thomas et al., 2003).  In fact, in this survey, dichlofluanid levels in sediments 
were always below the detection limits. Regarding mussels, very few sites displayed 
measurable dichlofluanid concentrations. However, this was expectable since the 
analytical average recovery rates were extremely poor. At the best of our knowledge, no 
information about the half-life of tolylfluanid in seawater or sediments is available.  
 
The EU has developed the first Watch List under the Environmental Quality 
Standards Directive (European Commission, 2014). This list of substances was generated 
based on two assumptions: i) the chemicals belonging to this list are suspected of posing 
risk to the aquatic environment and, ii) at the moment, there is no sufficient information to 
assess an EU-wide exposure for the substance either due to insufficient monitoring data 
or because the data quality is unsatisfactory. PNECs for sediments are available for 
dichlofluanid and tolylfluanid and are 18 and 58 ng g-1 dw, respectively. Therefore, the 
concentrations measured in the Portuguese sediments do not seem to pose a risk to the 
aquatic environment. No PNECs were found for mussel tissues. 
 
 
  2.5 - Conclusions 
 
This survey consistently detected BuTs (TBT, DBT and MBT), diuron, Cu and Zn 
in both sediments and M. galloprovincialis tissues and rarely irgarol and its metabolite GS 
26575, tolylfluanid, dichlofluanid and PhTs. Correlations between TBT - here used as a 
marker of naval activity - were achieved with its degradation compounds - DBT and MBT, 
for both compartments and also with TPT and Cu in mussel tissues and sediments, 
respectively. No correlation was found between TBT and tin-free biocides. Moreover, due 
to the inexistence of available quality standards (EQS, EACs, or PNECs) for sediments 
and/or for mussels, as well as BCFs for mussels, no risk assessment for TPT, diuron, and 
irgarol was possible to outline. In fact, only for TBT enough quality standards were 
available to perform an accurate risk assessment, probably due to its intensive usage in 
AF paints and its history of ecological harmful impacts. Although there are strong 
evidences that TBT pollution is declining, especially in dogwhelks for which only one 
station does not show a good ecological status following the classification scheme 
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developed by Laranjeiro and co-workers (2015), in 2011 TBT was still found to pose 
considerable risks to ecosystems in the Portuguese coast.  
 
The concentrations of copper and zinc measured in sediments have also been 
found to pose a significant risk to the environment. Even though, Cu concentrations 
measured in mussels are considered insignificant or low and Zn concentrations were 
found to vary between moderate (70 % of the stations) to insignificant (30% of the 
stations) in 29 stations along the Portuguese coast. Due to the fact that not only TBT has 
been banned but also there have been recent prohibitions in the use of some tin-free 
biocides (namely irgarol and diuron) the use of these metals (especially copper) may 
continue or even increase in many countries. Therefore, special attention should be given 
to the evolution of this type of pollution in the Portuguese coast. Tolylfluanid and 
dichlofluanid concentrations in the sediments were found to be low and do not seem to 
pose an ecological risk to aquatic ecosystems. 
 
This study highlights the need for a continuous monitoring of AF biocides used in 
the Portuguese coast, regarding these or other chemicals, in order to understand their 
evolution and ecological impacts in the upcoming years. Furthermore, there is a strong 
need for the naval industry to search for new AF-biocides that present the lowest possible 
risk to ecosystems. 
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Acute toxicity of tralopyril, capsaicin and triphenylborane 
pyridine to marine invertebrates 
 
 Abstract 
 
A need for environmentally acceptable alternative antifouling (AF) biocides has 
arisen through restrictions in the use of many common biocides in the European Union 
through the Biocidal Product Regulation (Regulation EU No. 528/2012). Three such 
alternatives are triphenylborane pyridine (TPBP), tralopyril and capsaicin. This study aims 
at extending the available information on the toxicity of these three emerging AF biocides 
to key marine invertebrates. Here we investigate the toxicity of tralopyril and capsaicin to 
the early life stages of the mussel Mytilus galloprovincialis and the sea urchin 
Paracentrotus lividus and also of tralopyril, capsaicin and TPBP to the early life stages of 
the copepod Tisbe battagliai. The EC50 that causes abnormal development of mussel’s 
D-veliger larvae and impairs the growth of sea urchin pluteus larvae are respectively 3.1 
and 3.0 μg L-1 for tralopyril and 3,868 and 5,248 μg L-1 for capsaicin. Regarding the 
copepod T. battagliai, the LC50 was 0.9 μg L-1 for tralopyril, 1,252 μg L-1 for capsaicin and 
14 μg L-1 for TPBP. The results obtained for the three substances are compared to a 
reference AF biocide, tributyltin (TBT), and their ecological risk evaluated. These 
compounds pose a lower environmental risk than TBT but still, our results suggest that 
tralopyril and TPBP may represent a considerable threat to the ecosystems. 
 
 
Keywords: Antifouling biocides, Embryo-larval bioassay, Marine invertebrates, Ecological 
risk assessment, Biocidal Product Regulation 
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3.1 - Introduction 
 
Biofouling results from the settlement of organisms on water-submerged structures 
and has a major impact on human activities since it causes the deterioration of diverse 
aquatic equipment (e.g. ship hulls, fishing nets, buoys, aquaculture structures, piers) and 
raises the fuel consumption by ships due to frictional drag. Antifouling systems (AFS) 
have been traditionally used to overcome this problem and throughout history a variety of 
antifouling (AF) biocides have been used. By the turn of the century tributyltin (TBT) was a 
key biocide in AFS being used as an active ingredient in AF paints in about 70 % of the 
world’s merchant shipping fleet (Gerigk et al., 1998). However, the release of this 
compound to the environment resulted in well documented impacts to wildlife, leading to a 
global ban of TBT based AFS in 2008 (Fent, 2006; Sousa et al., 2014). Following the 
restriction in the use of TBT as an active ingredient in AF paints, formulations based upon 
copper combined with selected organic biocides (e.g. diuron, ziram, irgarol 1051, DCOIT, 
tolylfluanid or zinc pyrithione) became commonplace (Thomas, 2001; Konstantinou and 
Albanis, 2004). Nowadays, the ecological risk assessment of biocidal products assumes a 
critical importance for their commercial success. The new Biocidal Product Regulation 
(BPR) (EC 2012) was implemented in the European Union in September of 2013 and 
repeals the Directive 98/8/EC concerning the placing of biocidal products in the market. 
According to this new regulation, both the active biocide substance and the associated 
commercial formulation have to be approved. Therefore, a list of active substances 
agreed for inclusion in biocidal products is listed in Annex I and IA and classified under 22 
different biocidal product types. Diuron and ziram are two examples of existing active sub- 
stances, under the product type 21—AF biocides, for which a decision of non-inclusion 
into Annexes I or IA has been adopted (Commission Decision 2007/565/EC). In 
accordance with this, biocidal products containing active substances for which a non-
inclusion decision was taken shall be removed from the market within 12 months of the 
entering into force of such a decision. This situation is prompting the industry to search for 
environmentally acceptable alternatives. Hence, a variety of new potential AF biocides are 
being tested in new AFS valuing the compromise of having a good AF performance to 
target organisms and a low environmental impact. Rapid transformation to less toxic 
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products, a low tendency to bioaccumulate and a low toxicity to non-target organisms are 
desirable characteristics of environmental-friendly AF biocides (IMO, 1999). 
 
The current work aims to investigate the acute toxicity to marine invertebrates of 
two emergent AF biocides, triphenylborane pyridine (TPBP) and tralopyril (4-bromo-2- (4-
chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbo- nitrile), and a AF biocide candidate, 
capsaicin (8-methyl- N-vanilly-6-nonenamide). TPBP is a broad spectrum AF biocide that 
has been in use over the last decade in certain Asian countries (e.g. Japan) (Okamura 
and Mieno, 2006). Tralopyril is the main active substance of ECONEA® and it is presently 
being marketed in the US as a non-persistent and biodegradable AF biocide (Thomas and 
Brooks, 2010). It is used to control biofouling by barnacles, hydroids, mussels, oysters 
and polychaetes and is now being proposed as a new AF active substance under the EU 
BPR. Capsaicin is the natural extract from chilli peppers and is commonly used as an 
animal repellent (EPA, 1992). Though it is not fully established, some authors suggest that 
capsaicin has more attractive AF properties than the currently used more toxic 
antifoulants as it can interfere with the organism’s ability to attach to the surfaces, instead 
of being lethal. Xu et al. (2005b) demonstrated that capsaicin causes loss of adhesion in 
bacteria, preventing biofilm formation, while Angarano et al. (2007) verified that this 
compound inhibits byssal attachment in the zebra mussel, which was reversible upon 
moving the mussels to clean water. Here we report the acute toxicity of the above-
mentioned substances to organisms representing three taxa of marine invertebrates, the 
mussel Mytilus galloprovincialis (Mollusca, Bivalvia), the sea urchin Paracentrotus lividus 
(Echinodermata, Echinoidea) and the copepod Tisbe battagliai (Crustacea, Maxillopoda). 
Bioassays based on early life stages were selected because these stages may not be as 
resilient to physiological stress as adults, providing higher sensitivity to toxicants, and also 
because they form the recruitment cohorts and lay the foundation for population success, 
providing ecological relevance to the bioassays (Bellas, 2008; Kaplan et al., 2013). The 
main objective of this work is to better understand the possible threats that these 
substances pose to non-target species, covering one of the many requirements for their 
possible inclusion in the Annexes I or IA. 
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 3.2 - Materials and methods 
 
 3.2.1 - Test compounds 
 
 
Tralopyril (PESTANAL®, analytical standard), capsaicin (C95%, from Capsicum 
sp.) and dimethylsulfoxide (DMSO) (99.7% purity) were purchased from Sigma-Aldrich. 
TPBP was kindly donated by Hokko Chemical Industry Co, Japan (99% purity). Stock 
solutions were made by dissolving each compound in DMSO. The experimental solutions 
were obtained by diluting the stock solutions in 0.22 ml filtered natural seawater (FSW) 
collected at a pristine site from the local coast. Although using FSW simplifies the protocol 
and mimic the natural conditions it has the important disadvantage of limiting the 
replication of the results since seawater composition may vary geographically and 
temporally. FSW and the highest carrier concentration used to prepare the experimental 
solutions were employed as controls. The percentage of DMSO on the experimental 
concentrations did not exceed 0.1%, a percentage reported to have no effect on the 
growth and survival of the tested species (Bellas et al., 2005; Macken et al., 2008). In this 
study we assumed that if the highest DMSO control does not exert significant effects then 
the same is valid for the lowest concentrations. Nevertheless, the authors are aware that 
DMSO might show a non-monotonic synergistic response with the tested compounds at 
lower DMSO levels, which might limit the study applicability for these lower carrier 
concentrations. 
 
 
 3.2.2 - Toxicity endpoints 
 
The present study aims to determine (i) the median effective concentrations 
(EC50) of tralopyril and capsaicin that lead to abnormal development of M. 
galloprovincialis larvae, (ii) the EC50 of tralopyril and capsaicin that affect the growth of P. 
lividus larvae and (iii) the median lethal concentration (LC50) of tralopyril, capsaicin and 
TPBP on T. battagliai. Moreover both the no observed effect concentration (NOEC) and 
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lowest observed effect concentration (LOEC) were calculated for comparison purposes. 
Each bioassay is described in detail as below. 
  
 3.2.3 - Marine mussel test 
 
Mature individuals were collected by hand from a pristine site on the Galician 
coast. Information on the general fertilization as well as fundaments and application of this 
method are described elsewhere (see His et al. 1997). Briefly, adult specimens were 
induced to spawn by thermal stimulation (the FSW temperature was increased by 10°C) in 
separated beakers containing FSW. Gametes from a single pair were checked under the 
microscope to assess ovocyte quality and sperm motility. Ovocytes were transferred into a 
measuring cylinder containing FSW and a few mL of sperm was added directly to the 
suspension stirring carefully to allow fertilization. The bioassays were conducted only if 
the fertilization ratio was above 80%. The number of eggs in the suspension was counted 
under the microscope and aliquots containing approximately 30 eggs/mL were transferred 
into 10 mL glass vials with Teflon caps containing the experimental solutions. Vials were 
kept in the dark at 20°C during 48h. After the incubation period, salinity, pH and dissolved 
oxygen were measured and a few drops of 40% buffered formalin were added to preserve 
the larvae and stop their development process. The number of normal and abnormal D-
veliger larvae (His et al., 1997) was assessed (n = 100) under the microscope. The 
concentration range established for EC50 calculations for tralopyril and capsaicin were 
0.1–10 and 100–1,000 μg L-1 nominal concentrations, respectively. Ten FSW controls and 
four replicates of each experimental concentration including the DMSO control were 
tested. 
 
 
 3.2.4 - Sea urchin test 
 
Mature individuals were also collected by hand from a pristine site on the Galician 
coast and acclimatized in the laboratory for at least 7 days. P. lividus gametes were 
obtained through dissection of a mature couple according to Fernández and Beiras 
(2001). Sea urchin tests followed the methods described in detail by (Saco-Alvarez et al., 
2010). Briefly, following microscopic assessment of gamete quality the female ovocytes 
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were transferred into a measuring cylinder containing FSW and a few μL of sperm were 
added directly to the suspension stirring carefully to allow fertilization. A few minutes later, 
20 μL were investigated under the microscope to assess egg density and fertilization 
success (generally higher than 98 %) indicated by the presence of the fertilization 
membrane. Within 30 min, aliquots were delivered into 10 mL glass vials containing the 
experimental solutions to achieve a density of approximately 40 eggs/mL. A few drops of 
40% buffered formalin were added to four control vials for future assessment of egg size 
while the other vials were capped and incubated in the dark at 20°C during 48h. At the 
end of the incubation period, dissolved oxygen, salinity and pH were measured and 
formalin was added to each vial in order to stop the growth and preserve the samples. 
Vials were directly analysed under the inverted microscope and lengths of larvae were 
recorded (n = 35) by using Leica Q-Win image analysis software (Leica Microsystems 
Ltd., Heerbrugg, Switzerland) in order to assess their growth. The response (Ri) obtained 
for the sea urchin bioassay was measured by !" = ∆%&∆%', where ∆Lc and ∆Li are the mean 
length increases in the control and the ith dose, respectively (Rial et al., 2010). For the 
EC50 estimates the nominal concentration ranges 0.5–8 μg L-1 for tralopyril and 100–
1,000 μg L-1 for capsaicin were used. Ten FSW controls and four replicates of each 
experimental concentration including the DMSO control were tested. 
 
 3.2.5 - Copepod test 
 
A culture of T. battagliai was maintained under standard conditions using natural 
seawater as described by (Macken et al., 2012). Toxicity tests were performed according 
to the ISO method 14669 (ISO, 1999) with slight modifications. Briefly, five juvenile 
copepods (6 ± 2 days old) were exposed to 5 mL of each experimental solution. The 
bioassays were conducted in six well polystyrene plates (Corning Incorporated Costar®, 
New York, USA). Test plates were incubated in a temperature controlled room at 20 ± 2°C 
and under a 16:8h light:dark photoperiod. A positive control using potassium dichromate 
was run together with the tests in order to validate the sensitivity of the copepods. Control 
and solvent controls were also run simultaneously. Mortality (LC50) was determined after 
24 and 48h. Dissolved oxygen concentrations were maintained greater than or equal to 4 
mg L-1, salinity and pH were controlled to 35 ± 2 psu and 8 ± 1 units respectively. Control 
species mortality is required to be less than 10% for the assay validation. The nominal 
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concentrations range used for LC50 estimates was 0.2–4 μg L-1 for tralopyril, 200–2,000 
μg L-1 for capsaicin and 1–26 μg L-1 for TPBP. 
 
 3.2.6 - Statistical analysis 
 
EC50 and LC50 estimates were obtained by nonlinear fitting to a four parameter 
logistic equation through the least squares statistical method using Graphpad Prism V. 
5.0C. Whenever data was not normally distributed (the case of the sea-urchin bioassay) 
an arcsine transformation was performed to achieve normality (Hayes, 1991). 
Homogeneity of variances was tested using the Bartlett’s test. The LOEC and the NOEC 
were established by one-way ANOVA plus Dunnett’s post hoc test. For more information 
on the calculation of NOECs and LOECs please see Table S1 in the supporting 
information. 
  
 
 3.2.7 - MAMPEC modeling 
 
The Marine antifoulant model to predict environmental concentrations (MAMPEC, 
Version 3.0; Deltares, Amsterdam, Netherlands) was used to calculate the maximum and 
minimum theoretical concentrations that might occur in the water of a marina for TBT, 
TPBP, tralopyril and capsaicin (Table S2 in support information). This model can be used 
to predict the environmental concentrations of a certain biocide taking in consideration 
different environments (e.g. harbours, marinas and ship lanes with different water, 
sediment and hydrodynamics characteristics) and different emission scenarios (that 
include information on the leaching rate, underwater surface area and shipping 
characteristics among others) (van Hattum et al., 2006). The same approach as 
established by the OECD-EU working group for the risk assessment of antifoulants in an 
OECD marina environment and emission scenario was used (OECD, 2005). No 
modifications were made to the default usage of these two descriptors. The hypothetic 
emission scenario assumes that 90% of the boats from the marina are painted with the 
modeled biocide. For the compound descriptor, the physical and chemical properties (i.e. 
molecular mass, log Kow, solubility, etc.) of each compound were introduced manually to 
perform the MAMPEC estimations of their predicted environmental concentrations (PEC). 
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3.3 - Results 
 
The EC50 and LC50 values for the three substances are summarized in Table 3.1 
and the corresponding concentration–response curves are represented in Figure 3.1. 
 
 
 
 
Figure 3.1 - Dose-response curves organized by specific effect endpoints (a - Mytilus 
galloprovincialis, number of normal D-larvae; b -  Paracentrotus lividus, larval growth; c - Tisbe 
battagliai, survival) and compounds (1 – tralopyril, 2 – capsaicin and 3 – TPBP). Compounds log 
concentrations are presented in μg L-1. All effects are expressed as the ratio between the 
measured endpoint in the treatments and in the control. 
 
Chapter 3 – Acute toxicity of tralopyril, capsaicin and tryphenylborane pyridine to marine invertebrates 
 94 
Table 3.1 - Acute toxicity of TPBP, tralopyril and capsaicin to Mytilus galloprovincialis larvae, 
Paracentrotus lividus larvae and Tisbe battagliai juveniles. EC50 and LC50: median effective and 
median lethal concentrations (95% confidence interval in parenthesis) are presented in μg L-1 and 
correspond to 48h exposure. n.a: not assessed. 
 
Species Endpoint TPBP  (μg L-1) 
Tralopyril   
(μg L-1) 
Capsaicin     
(μg L-1) 
Mytilus 
galloprovincialis 
 48h - EC50 
n.a 
3.1 3,868 
Abnormal D-veliger  (2.35 - 4.08) (3,550 - 4,216) 
Paracentrotus 
lividus 
 48h - EC50 n.a 
3.0 5,248 
Larval growth  (2.75 - 3.29) (4,350 – 6,332) 
Tisbe battagliai  48h - LC50 14 0.9 1,252 
Mortality (12.9 – 15.3) (0.88 - 1.0) (1,098 – 1,429) 
 
Tralopyril revealed similar EC50 for both mussel and sea urchin larvae of 3.1 and 
3.0 μg L-1, respectively. The calculated NOEC was lower in mussels (0.1 μg L-1) than in 
sea urchins (1.0 μg L-1) but in both species tralopyril completely inhibited the embryonic 
development at 8.0 μg L-1. Capsaicin is considerably less toxic than tralopyril, displaying 
higher EC50 values for both larvae species: 3,868 and 5,248 μg L-1for mussel and sea 
urchin, respectively, being thus more toxic to mussels. Moreover, no normal D-larvae 
mussels were observed at 7,500 μg L-1 while the total inhibition of normal 4-arm pluteus 
larvae occurred at 10,000 μg L-1. Contrarily to this trend, the NOEC for the mussels is 
higher (10 μg L-1) than for sea urchins (1.0 μg L-1). The T. battagliai bioassay was more 
sensitive than the bioassays performed with mussel and sea urchin larvae, but again the 
same trend was observed concerning the relative toxicity of tralopyril and capsaicin, i.e., 
tralopyril displayed a LC50 of 0.9 μg L-1 while capsaicin yielded a value of 1,252 μg L-1. The 
LC50 value obtained for TPBP was 14 μg L-1, which ranks the toxicity of this compound in-
between the other two, i.e., for T. battagliai it is less toxic than tralopyril but much more 
toxic than capsaicin. NOECs also show the same trend: tralopyril 0.8 μg L-1, TPBP 4.0 μg 
L-1 and Capsaicin 600 μg L-1. The marine antifoulant model MAMPEC was used to predict 
the maximum and minimum theoretical environmental concentrations (PECMAX and 
PECMIN) for the above-mentioned biocides in an OECD—marina (see 2.4—MAMPEC 
modelling and Table S2 in support information). The risk characterization based on the 
PEC and predicted no effect concentrations (PNEC) are summarized in Table 3.2. 
Depending on the type of data available, safety factors are frequently applied and highly 
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recommended for the PNEC calculations as a precaution to ensure that all substances 
with the potential to cause adverse effects are identified (European Comission, 2003). 
Nevertheless the choice of these factors is far from being trivial and deeply associated 
with the type of toxicity data available for each compound. For TBT there is no need to 
apply such factors since the environmental fate and effects of this compound are well 
known Even so, for comparison purposes the environmental risk posed by TBT was 
calculated using the PNEC available in the literature (Nyberg et al., 2003). For TPBP, 
tralopyril and capsaicin the PNEC was derived from the lowest LC50 or EC50 of the most 
sensitive species, over which a safety factor of 100 times was applied (EC, 2003). The 
guidelines suggest higher safety values whenever there is scarce toxicity information or if 
it regards acute toxicity solely. However, we consider that if this information is based on 
highly sensitive tests using early life stages of organisms the choice of a safety factor of 
100 may be more adequate. For TPBP, PNEC estimations were derived from the LC50 
assessment on the D-larvae development of the pacific oyster C. gigas (Tsunemasa et al., 
2013) while for tralopyril and capsaicin the LC50 for the early life stages of the copepod T. 
battagliai was used. When the PEC/PNEC is > 1 then the selected biocide may represent 
a possible threat to the environment. The ecological risk assessment here performed was 
based on the Technical Guidance Document on Risk Assessment produced by the 
European Commission Joint Research Center (EC, 2003). 
 
Table 3.2 - Ecological risk assessment based on the maximum and minimum MAMPEC predicted 
environmental concentration (μg L-1) in a marina (PECMAX and PECMIN) divided  by the predicted no 
effect concentration (PNEC). PNEC calculations for TPBP, tralopyril and capsaicin were based in 
the lowest LC50 using an assessment factor of 100. For TBT, the NOEC (without assessment 
factors) was used. 
 
Compounds 
Enpoint used 
for PNEC 
estimation   
PEC OECD Marina Risk Assessment  
Max Min PECMAX/PNEC PECMIN/PNEC 
TBT NOEC:1.5x10-3* 7.71x10-1 9.41x10-2 2570 313.7 
TPBP LC50: 6.3** 7.36x10-1 8.81x10-2 11.7 1.4 
Tralopyril LC50:0.9 7.14x10-1 8.44x10-2 79.3 9.4 
Capsaicin LC50:1252 7.68x10-1 9.35x10-2 0.06 0.01 
*Nyberg et al., 2003 ** – Tsunemasa et al., 2013.  
 
Chapter 3 – Acute toxicity of tralopyril, capsaicin and tryphenylborane pyridine to marine invertebrates 
 96 
  
 3.4 - Discussion 
 
Acute toxicity tests based on highly sensitive embryo-larval bioassays (mussel and 
sea-urchin) were performed for tralopyril and capsaicin. However, as several toxicity 
studies have already been reported for TPBP, we did not repeat the mussel and sea 
urchin bioassays with this compound. Tsunemasa and co-workers (2013) studied the 
acute toxicity of TPBP on the D-larvae development of the bivalve Crassostrea gigas and 
on the survival rate of the pluteus larvae of the sea urchin Hemicentrotus puldherrimus 
achieving a 24 h-LC50 value of 6.3 μg L-1 and a 48 h- LC50 of 31 μg L-1 respectively. 
Previously, Kobayashi and Okamura (2002) had reported a NOEC of 10 fg L-1, indicating 
that this compound exerts effects at very low concentrations in this sea urchin species. 
Concerning the copepod, our study showed a 48 h-LC50 of 14 μg L-1 for TPBP. In the 
literature there are some related assays in early life stages of crustaceans (Class 
Maxillopoda) for which the toxicity of TPBP was evaluated. Mochida et al., (2012) reported 
a 24 h-LC50 of 6.6 μg L-1 for the copepod Tigriopus japonicus, which seems more 
sensitive than T. battagliaii as a lower LC50 value was observed for half time of exposure. 
Bioassays with crustaceans from different classes were also assessed. For the horse crab 
Portunus trituberculatus (Class Malacostraca) the 24 h-LC50 yielded a value of 32 μg L-1 
(Mochida et al. 2012), which slightly differs from the Maxillopoda class, but two other 
bioassays performed with the brine shrimp Artemia salina (Class Branchiopoda) yielded 
higher values of 48 h-LC50: 230 μg L-1 (Mieno et al., 2004 in Okamura et al., 2009) and 
310 μg L-1 (Okamura et al., 2009). Other reports on the toxicity of TPBP includes a 30 min-
EC50 of 750 μg L-1 on the inhibition of bioluminescence production of the bacteria Vibrio 
fisheri (Zhou et al., 2006), a 72 h-EC50 of 2.2 z μg L-1 on the production of biomass of the 
marine centric diatom Skeletonema costatum (Okamura et al., 2009), a 24 h-EC50 of 
1,400 μg L-1 on cell viability of fish cell lines and a 7, 14 and 21 days LC50 on the juvenile 
rainbow trout Oncorhynchus mykiss of 140, 84 and 61 μg L-1, respectively (Okamura et al., 
2002). These EC50 values suggest that fish are more resistant to TPBP than early life 
stages of mussels, sea urchins and copepods. The diatom S. costatum seems to be the 
most affected by TPBP. 
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Surprisingly, there is very scarce information with respect to tralopyril toxicity 
besides that provided by the manufacturer (this includes information on the chemical 
properties, degradation time of the compound and efficacy of AFS containing this active 
ingredient) (Kempen, 2011). Our results for mussel and sea urchin larvae seem to be 
unique so far for molluscs and echinoderms and reveal similar sensitivities between 
species with equivalent 48 h-EC50 of 3.1 and 3.0 μg L-1, respectively. The copepod 
bioassay provided a 48 h-LC50 value of 0.9 μg L-1 showing that this species is more 
sensitive to tralopyril. To our best knowledge only one report is available on the toxicity of 
tralopyril in crustaceans concerning a 24 h-LC50 bioassay with larvae of the acorn 
barnacle Balanus amphitrite that yielded a value of 950 μg L-1 (Kempen, 2011), much 
higher than the one obtained in the present study. 
 
In general, our results indicate that capsaicin is, by far, the least toxic compound 
amongst the three tested for the three species. In fact, a 48 h-EC50 of 3,868 μg L-1 was 
obtained for M. galloprovincialis, 5,248 μg L-1 for P. lividus and a 48 h-LC50 of 1,252 μg L-1 
for T. battagliai, i.e., 2–3 orders of magnitude greater than TPBP or tralopyril. No 
comparable data concerning LC50 or EC50 bioassays was found in the literature. Even 
though, there are studies on the effects of capsaicin on the attachment of the adult mussel 
Dreissena polymorpha with 48 h-EC50 values of 4,900 (Cope et al., 1997) and 4,184 μg L-
1 (Angarano et al., 2007). Other studies on freshwater and marine bacteria showed that 
the EC50 regarding the growth inhibition of these organisms varied from 6,900 μg L-1 in the 
marine bacteria Vibrio natriegens up to 23,500 μg L-1 for the freshwater bacteria from Lake 
Erie (Xu et al., 2005a).  
 
The ecological risk assessment of emerging AF biocides is a difficult task due to 
the scarce information on environmental concentrations of these compounds. Mochida et 
al., (2012) concluded that the risk posed by TPBP to marine organisms at the present time 
is low, based on the environmental concentrations (4.8–21 pg L-1) measured in waters 
from the coastal areas of Hiroshima Bay. For capsaicin or tralopyril no data is available. 
Nevertheless it is important to ensure that novel AF biocides do not pose major risks to 
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the environment as was the case of TBT, probably the most toxic compound ever 
deliberated released to the environment (Goldberg, 1986). This organotin released from 
AFS exerted severe toxic effects on diverse marine organisms around the world (Barroso 
et al., 2005, Fent, 2006). Even though, its regulation and further prohibition took several 
decades. This is why the risk characterization of novel biocides is so important and 
comparisons between the tested AF biocides and TBT can be useful. According to 
Tsunemasa and Okamura (2011) and Tsunemasa et al., (2013) the toxicity triggered by 
TPBP (24 h-LC50 = 6.3 μg L-1) is roughly similar to that caused by TBT (24 h-LC50 = 3.9 
μg L-1) in Crassostea gigas larvae. For tralopyril, the 48h- EC50 determined in the present 
study for the bivalve M. galloprovincialis (3.1 μg L-1) is higher than the 48 h-EC50 
determined in an identical bioasssay for TBT (0.38 μg L-1) by Beiras and Bellas (2008), 
meaning that tralopyril is less toxic than TBT in this case. However, similar LOECs were 
calculated for both biocides, indicating that deformities on the D-larvae development 
started to appear at the same concentration (0.2 μg L-1). Thus, for the endpoints tested, 
bivalves seem to be equally sensitive to TBT and TPBP but less sensitive to tralopyril and 
capsaicin. Regarding the echinoids, TBT appears to be more toxic than any other 
substance tested here. In fact, (Tsunemasa et al., 2013) reported a 48 h-LC50 of 31 μg L-
1for TPBP in Hemicentrotus puldherrimus but almost all embryos presented a normal 
development after 48h exposure to 20 μg L-1; the present study gave a 48 h-EC50 of 3.0 
and 5,248 μg L-1 for tralopyril and capsaicin for P. lividus; (Bellas et al., 2005) used the 
same P. lividus bioassay as in the present study to assess the toxicity of TBT and 
reported a 48 h-EC50 of 0.31 μg L-1 and also that a concentration of 0.4 μg L-1 completely 
inhibited the normal development of embryos in 48h. So, for sea urchins, TBT seems to 
be a more toxic compound followed by tralopyril, TPBP and capsaicin. In contrast to 
bivalves and sea urchins, T. battagliai was more sensitive to tralopyril than TBT since a 48 
h-EC50 of 0.9 μg L-1 was obtained in the current study for tralopyril and a 48 h-EC50 of 22 
μg L-1 was reported by (Macken et al., 2008) for TBT. This estimate for TBT is in the same 
order of magnitude than the one obtained in the present study for TPBP (48 h-LC50 = 14 
μg L-1) but much lower than the obtained for capsaicin.  
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The above discussion is focused on the toxic effects of AF biocides. However, as 
referred to earlier, other crucial properties have to be considered when comparing the 
risks posed by biocides, namely their persistence in the environment. In fact, a biocide 
that is toxic to non-target species may be considered less dangerous if it degrades very 
rapidly in water as this prevents long lasting effects and bioaccumulation. Reports of TBT 
half-lives in seawater range from several days to weeks (Stewart and de Mora, 1990) 
while TPBP is reported to have a half-live of between 6.6 h (Zhou et al., 2007) and 4 days 
(Onduka et al., 2013) and tralopyril between 3 and 15 h at 25 and 10 °C, respectively 
(Kempen, 2011). There is no information regarding the half-life of capsaicin but hydrolysis 
is not expected to occur due to its molecular structure and stability (HSDB, 2006). Since 
very few information is available on environmental concentration of the above mentioned 
biocides the marine antifoulant model MAMPEC was used to predict the PECMAX and 
PECMIN. The risk characterization based on PEC/PNEC is summarized in Table 3.2 and 
shows evidences that TBT, TPBP and tralopyril can pose a risk even when using the 
lowest PEC. Relatively to TBT, the model estimates for the water concentrations in a 
marina (94–770 ng L-1) are reasonably in accordance with the levels found in the mid-
1980s for the so called TBT hotspots, namely, harbors and marinas (100 to 500 ng L-1) 
before legislative restrictions (Fent, 2006). Nevertheless, TBT concentrations up to 14.7 
μg L-1 were detected in seawater (Hassan and Juma, 1992). Currently, TBT environmental 
concentrations in water are much lower but sediments are still greatly contaminated with 
this compound (Briant et al., 2013). Anyway, the agreement between predicted and real 
scenarios encourages the use of this model in future risk assessments. Nevertheless, we 
have to acknowledge that the estimates obtained for the new emergent biocides tralopyril 
and TPBP contain a high degree of uncertainty since they are based on putative emission 
scenarios and on relatively scarce toxicological information. For this reason, they must be 
regarded as preliminary values prompting the need for further research and confirmation. 
The effort to assess the risk of new contaminants is inevitably subjected to this ambiguity 
due to their unknown environmental concentrations and short toxicological research 
history but, nevertheless, this task should not be avoided considering the importance to 
foresee and anticipate possible hazards. Further information on the toxicity of these 
compounds will desirably provide a more accurate risk assessment and help lowering the 
conservative safety factor here applied. 
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 3.5 - Conclusions 
 
The tested biocides impaired larval development in the mussel M. galloprovincialis, 
inhibited larval growth in the sea urchin P. lividus and caused mortality to the copepod T. 
battagliai in a dose-dependent manner within the experimental concentration range. With 
respect to bivalves, the obtained toxicity rank was approximately TBT = TPBP > tralopyril 
>> capsaicin while for echinoids it was TBT > tralopyril > TPBP >> capsaicin. Among the 
three tested species, the T. battagliai bioassay showed the highest sensitivity to the three 
tested compounds. The toxicity rank obtained through 48 h-LC50 comparisons for this 
species was tralopyril = TBT > TPBP >> capsaicin. Acute toxicity tests constitute just one 
of many steps towards the assessment of the environmental risk posed by these 
chemicals and therefore further research is needed to study their environmental fate and 
ecological effects. Based on MAMPEC modelling TPBP and tralopyril appear to have the 
potential to harm the environment, however further data is essential to better understand 
the fate and effects of these biocides. Data provided here aims to contribute to the efforts 
made within the EU through the Biocidal Product Regulation for a proper risk assessment 
of emerging biocides. 
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Toxicity of emerging antifouling biocides to non-target freshwater 
organisms of three trophic levels  
 
 
 
  
 Abstract 
 
Antifouling (AF) systems provide the most cost-effective protection against 
biofouling. Several AF biocides have however caused deleterious effects in the 
environment. Subsequently, new compounds have emerged that claim to be more 
environment-friendly, but studies on their toxicity and environmental risk are necessary in 
order to ensure safety. This work aimed to assess the toxicity of three emerging AF 
biocides, tralopyril, triphenylborane pyridine (TPBP) and capsaicin, towards non-target 
freshwater organisms representing three trophic levels: algae (Chlamydomonas 
reinhardtii), crustacean (Daphnia magna) and fish (Danio rerio). From the three tested 
biocides, tralopyril had the strongest inhibitory effect on C. reihardtii growth, effective 
quantum yield and adenosine triphosphate (ATP) content. TPBP caused sub-lethal effects 
at high concentrations (100 and 250 μg L-1), and capsaicin had no significant effects on 
algae. In the D. magna acute immobilisation test, the most toxic compound was TPBP. 
However, tralopyril has a short half-life and quickly degrades in water. With exposure 
solution renewals, tralopyril's toxicity was similar to TPBP. Capsaicin did not cause any 
effects on daphnids. In the zebrafish embryo toxicity test (zFET) the most toxic compound 
was tralopyril with a 120h - LC50 of 5 μg L-1. TPBP's 120h - LC50 was 447.5 μg L-1. 
Capsaicin did not cause mortality in zebrafish up to 1 mg L-1. Sub-lethal effects on the 
proteome of zebrafish embryos were analysed for tralopyril and TPBP. Both general 
stress-related and compound-specific protein changes were observed. Five proteins 
involved in energy metabolism, eye structure and cell differentiation were commonly 
regulated by both compounds. Tralopyril specifically induced the upregulation of 6 
proteins implicated in energy metabolism, cytoskeleton, cell division and mRNA splicing 
whilst TPBP lead to the upregulation of 3 proteins involved in cytoskeleton, cell growth 
and protein folding.  An ecological risk characterization was performed for an hypothetical 
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freshwater marina. This analysis identified capsaicin as an environment-friendly 
compound while tralopyril and TPBP seem to pose a risk to freshwater ecosystems. 
Noneless, more studies on the characterization of the toxicity, behaviour and fate of these 
AF biocides in the environment are necessary since this information directly affects the 
outcome of the risk assessment. 
 
 
Keywords: Antifouling biocides; Ecological risk assessment; Non-target freshwater 
organisms; Proteomic differential analysis; Multidimensional protein identification 
technology (MudPIT) 
 
 
 
4.1 - Introduction 
 
 
Biofouling is a natural process defined by the settlement and growth of unwanted 
organisms on submerged surfaces. This phenomenon may lead to major economic and 
environmental losses (i.e. through the transport and dissemination of non-indigenous 
species) and therefore biofouling prevention is essential. Traditional antifouling (AF) 
systems based on coatings and paints offer a cost-effective way to prevent biofouling. The 
use of biocides in these systems promotes additional protection against biofouling. 
However, in the past, the leaching of such biocides into the aquatic environment has 
caused deleterious effects on various organisms (Sousa et al., 2014; Thomas et al., 
2001). Therefore, it is essential to perform a proper risk assessment of emerging biocides 
that claim to be more environment-friendly than those currently in use. Furthermore, EU 
Regulation No 528/2012, also known as Biocidal Product Regulation (BPR), demands a 
higher level of protection for humans and the environment in order to approve the use of 
certain substances and products under specific product types. AF products are classified 
under product type 21 of the BPR (EU, 2012). 
 
In this study we investigated the toxicity of three AF biocides: tralopyril (4-bromo-2-
(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile), TPBP (triphenylborane 
pyridine) and capsacin (N-[(4-hydroxy-3-methoxyphenyl)methyl]-8-methyl-6-nonenamide). 
Among the three, tralopyril is the only one approved for use in Europe under the BPR as 
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AF biocide (EU, 2012). Tralopyril is the main active substance of ECONEA®, marketed as 
a non-persistent and biodegradable biocide, efficient in controlling fouling by barnacles, 
hydroids, mussels and polychaetes (Thomas and Brooks, 2010). Its half-life has been 
estimated to be 6.1 and 8.1 h in both sea and riverine waters (Oliveira et al., 2016b). 
Tralopyril is thought to act as an uncoupler, affecting ATP production in the mitochondria 
(European Chemicals Agency, 2014). To the best of our knowledge there are no 
measured environmental concentration data reported for this biocide. In fact, only a single 
attempt to determine its occurrence has been made so far, at a seawater harbor in 
Portugal, but it was not detected (Oliveira et al., 2016b). However, tralopyril was only 
approved to be used in AF paints, under the BPR, in September of 2014. In an earlier 
study we have predicted that this compound might be a potential threat to the marine 
ecosystems as the ratio between the predicted environmental concentration (PEC) in a 
seawater marina and the predicted no effect concentration (PNEC) using bioassays with 
early-life stages of marine species was higher than 1 (Oliveira et al., 2014).  
 
TPBP, marketed as Borocide®, is an organoborane compound used as a broad 
spectrum biocide mainly in Japan (Okamura and Mieno, 2006; Wendt et al., 2013), where 
it has been the predominant biocide used in AF systems since 1995 (Mochida et al., 
2012). The mechanisms behind its toxicity are still unknown, likely due to its limited 
distribution on the worldwide AF market. TPBP is reported to undergo abiotic degradation 
through hydrolysis and photolysis in natural seawater (Zhou et al., 2007). The estimated 
half-lives reported for seawater vary from 6.6 h up to 6 months depending on the 
degradation pathway, pH and temperature (Zhou et al., 2007). The highest environmental 
concentration reported for TPBP is 21 pg L-1 in a fishing port in Hiroshima Bay, Japan 
(Mochida et al., 2012). In our previous study, TPBP was found to pose a risk to seawater 
ecosystems (Oliveira et al., 2014). 
 
Capsaicin is a naturally occurring compound, derived from the chili pepper plant 
(from the genus Capsicum). It is typically used as an animal repellent (Gervais et al., 
2008) due to its capacity to interfere with the organisms ability to attach to surfaces 
(Angarano et al., 2007; Xu et al., 2005). Environmental concentrations are unknown, but 
previous studies have suggested a low ecological risk from the use of this substance 
(Oliveira et al., 2014; Wang et al., 2014). 
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This study aimed to cover the lack of knowledge on the effects of tralopyril, TPBP 
and capsaicin in freshwater ecosystems. For this, the toxicity of tralopyril, TPBP and 
capsaicin was investigated in three non-target freshwater model organisms representing 
three trophic levels, namely the green algae Chlamydomonas reinhardtii, the crustacean 
Daphnia magna and the fish Danio rerio (zebrafish). In addition to the conventional 
mortality tests, sub-lethal effects were also assessed in the algae and zebrafish. 
Moreover, the effects of tralopyril and TPBP on the zebrafish embryo proteome were 
investigated aiming to better understand the perturbed pathways and mechanism of 
action. Lastly, based on our data we performed a risk assessment for the three AF 
compounds in freshwater marinas. 
 
 
 4.2 - Material and Methods 
 
 4.2.1 - Chemicals and exposure solutions 
 
TPBP (99 % purity) was kindly donated by Hokko Chemical Industry Co, Japan. 
Tralopyril (PESTANAL®, analytical standard, Fluka), capsaicin (C 95 %, from Capsicum 
sp.), dimethyl sulfoxide (DMSO; 99.7 % purity), tris(2-carboxyethyl)-phosphine 
hydrochloride (TCEP), iodoacetamide (IAA), 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) and Protease Inhibitor Cocktail (50x) were purchased from 
Sigma–Aldrich (Switzerland). Trypsin (sequencing grade) was obtained from Roche 
Applied Science (Switzerland) and the dye for the Bradford test from Bio-Rad 
(Switzerland). Fused silica tubing was purchased from BGB Analytik AG (Switzerland). RP 
(C18) and SCX resins were obtained from Macherey–Nagel AG (Switzerland). HPLC 
solvents were from Acros Organics (Belgium) and other conventional chemicals were 
either from Sigma–Aldrich or Fluka (Switzerland). 
Stock solutions were made by dissolving the test compounds - tralopyril, TPBP 
and capsaicin - in DMSO. Exposure solutions were prepared by dissolving the stock 
solutions in the media used for the different species. Final DMSO concentrations in the 
exposure solutions varied between 0.01 % and 0.03 %. 
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 4.2.2 - Species and endpoints 
 
Three model freshwater species were used to perform various toxicity tests: the 
green algae C. reinhardtii, the crustacean D. magna and the teleost fish D. rerio. Mortality 
was assessed for the algae and the fish together with the calculation of the median lethal 
concentration (LC50) whenever possible. For D. magna, immobilization instead of mortality 
was assessed and the median effective concentrations (EC50) calculated. Sub-lethal 
effects were also assessed in C. reinhardtii and D. rerio. In the algae, the photosynthetic 
activity of PSII and the ATP content at 4 and 24 h were examined. In zebrafish, sub-lethal 
effects at the morphological level were assessed daily from one up to 5 days post 
fertilization (dpf). The different EC50 were calculated for each sub-lethal effect whenever 
possible. For tralopyril and TPBP in zebrafish, additional experiments were performed to 
assess the effects of different exposure scenarios. Lastly, a global proteomics analysis 
was performed to study the effects of tralopyril and TPBP on the zebrafish embryo 
proteome. 
 
 
 
 4.2.2.1 - Chlamydomonas reinhardtii  
 
C. reinhardtii exposures were made in Talaquil medium (Le Faucheur et al., 2005). 
For this, several stock solutions were made and autoclaved: 0.5 M CaCl2·2H2O, 0.15 M 
MgSO4·7H2O, 0.05 M K2HPO4·3H2O, 1 M NH4Cl and 0.1 MOPS (pH=7.5). Additionally, a 
filtered 0.24 M NaHCO3 and a 1 M solution of essential trace metals in 
ethylenediaminetetraacetic acid (EDTA) were used but not autoclaved. Per one L of 
Talaquil solution, 1 mL of each solution was added except NaHCO3 and MOPS, of which 
5 and 100 mL were added, respectively. Algae cells in late exponential phase were 
harvested and added to the exposure vessels. The initial cell density was 2.5x105 in 50 
mL test solutions. The algae exposure was made with a moderate PAR intensity of 80 ± 1 
μmol m-2s-1 provided by cool-white fluorescent lamps at a temperature of 25 °C. The 
tested concentrations for each compound were selected based on range finding tests up 
to a maximum of 1mg L-1. The endpoints tested were based on the study by Nestler et al 
(2012) with slight modifications. Cell density (cells mL-1) measurements were made using 
an electronic particle counter (Casy, OMNI Life Science GmbH, Switzerland) at time 
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points 0, 4 and 24 h. Growth was defined as the number of cells measured at 24 h 
subtracted by the number of cells at T0 after a ln(x) transformation of the data, divided by 
the exposure time (24 h). The validation criterion for the test performance was the 
doubling of the cell number in the control after 24 h. All other endpoints were normalized 
to the number of cells.  
 
The effective quantum yield of PSII (ΦPSII) was determined using a pulse-
amplitude-modulated (PAM) chlorophyll fluorimeter (IMAGING-PAM M-Series, Heinz Walz 
GmbH, Germany). Aliquots from each treatment were transferred to the PAM cells and the 
maximum fluorescence measured under actinic light illumination (82 μmol m-2s-1), after the 
application of three saturation pulses, one minute apart from each other. Three 
measurements of the fluorescence yield of PSII under actinic radiation (F`) and the 
maximum fluorescence yield in the light adapted state (Fm`) were averaged. The effective 
quantum yield was calculated based on the formula ΦPSII=(Fm`- F`)/ Fm`.  
 
ATP levels were assessed using a bioluminescence-based kit (BacTiter-GloTM 
Microbial Cell Viability Assay; Promega, USA). 30 μL of cell suspensions from each 
treatment were transferred in triplicate to an opaque white 96-well plate (Greiner Bio-One) 
and 15 μL of the reagent volume added (Nestler et al., 2012). Luminescence was 
measured on an Infinite M200 plate reader (TECAN, Switzerland). A cell free control was 
added in all measurements for background luminescence assessment. Final values were 
obtained by subtracting these background values from the values obtained for each 
culture condition. 
 
 
 4.2.2.2 - Daphnia magna 
 
 D. magna acute immobilization test was performed according to the Organization 
for Economic Cooperation and Development (OECD) guidelines (OECD, 2004). The 
animals, obtained from the same healthy stock, were kept in filtered natural water from 
lake Greifensee, Switzerland, at a constant temperature of 22 ºC and 14/10 h light/dark 
cycle and fed daily. All tests were done at conditions similar to the described normal 
maintenance. Young daphnids aged less than 24 h at the start of the test were exposed 
for 48 h without aeration or food to concentrations of each single biocide selected in a 
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range finding test. Four replicates of five animals each per treatment were exposed in 
glass vessels filled with 10 mL of exposure solution. After 24 and 48 h, the number of 
immobilized animals was recorded. Potassium dichromate was used as a positive control. 
EC50 values after 24 and 48 h were calculated for all compounds. Additional experiments 
with exposure solution exchange were performed for TPBP (renewal every 24 h) and 
tralopyril (renewal either every 24 h or every 12 h). The solution exchange was carried out 
by carefully transferring the daphnids to new vessels containing the same amount of 
freshly spiked medium.  
 
 
 4.2.2.3 - Danio rerio 
 
Maintenance, breeding and embryo collection from wildtype zebrafish were 
performed as described in Groh et al. (2015). The fish embryo exposures were performed 
in E3 medium (pH 8.6). For this medium a 60 times concentrated stock solution was 
prepared containing 17.2 g NaCl, 0.76 g KCl, 2.9 g CaCl2·2H2O and 4.9 g MgCl2·6H2O in 
1 L nanopure water. For the actual medium, 16.6 mL of this stock solution and 9 mL of a 
0.3 mM NaHCO3 solution were added to 1 L of nanopure water (ISO, 2007). Fish embryos 
were used to perform the zebrafish embryo toxicity assay (zFET) with tralopyril, TPBP and 
capsaicin. Besides, zebrafish were exposed to both tralopyril and TPBP and used for 
differential proteomics analysis by Multidimensional Protein Identification Technology 
(MudPIT).  
 
 
 4.2.2.3.1 - Zebrafish embryo toxicity test (zFET) 
 
 
The zFET was performed according to the OECD guidelines (OECD, 2013) in 24-
well plates (Cellstar Greiner Bio-One, Germany) with some modifications (EU, 2012). 
Briefly, newly fertilized eggs were exposed from ~1 hour post fertilization (hpf) until 120 
hpf to either tralopyril, TPBP or capsaicin in E3 medium. For tralopyril and TPBP, 
additional experiments using different exposure scenarios were performed (Figure 4.1), 
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namely exposure for 24 h (starting either at ~1 hpf or ~ 96 hpf) and for 48 h (starting at ~ 
72 hpf). The embryos were kept at 26 ºC and a 14/10 h light/dark cycle. Every 24 h, 
inspections for lethal and sub-lethal effects were performed under the microscope and 90 
% of the solutions were renewed afterwards. Coagulation of fertilized eggs, lack of somite 
formation, lack of tail detachment from the yolk sac and lack of heartbeat were considered 
indicators of lethality. The recorded sub-lethal endpoints included hatching time, inflation 
of the swim bladder, deformations of the tail, presence of heart or yolk sac edema, heart 
beat rate (the number of beats counted per 30 s), locomotion difficulties and differences in 
the blood flow (bf) velocity (normal: continuous bf; abnormal: slow or interrupted bf). 
 
 
 
Figure 4.1 - Danio rerio: scheme of the 4 exposure scenarios tested. F – time when fertilization 
occurred (0 h); hpf – hours post fertilization. 
  
  
 4.2.2.3.2 - Proteomic analysis 
 
The proteomics analysis was based on procedures published earlier (Groh et al., 
2011). Briefly, zebrafish embryos (25 per treatment) were exposed in Petri dishes from ~1 
hpf until 120 hpf to three sub-lethal concentrations of tralopyril (1, 2 and 4 μg L-1) or TPBP 
(75, 100 and 250 μg L-1), plus solvent (0.01 % DMSO) and blank (E3 medium) controls. At 
the end of the exposure, embryos from each treatment were pooled in an Eppendorf tube, 
anesthetized with MS222 (tricaine methanesulfonate; 200 mg L-1), quickly washed in ice-
cold phosphate-buffered saline and frozen in liquid nitrogen. Samples were kept at -80 ºC 
until further analysis.  
 
 
 
Exposure during first 24 hpf (24h)	
1 	
hpf	
24	
hpf	
48	
hpf	
72	
hpf	
96	
hpf	
120	
hpf	
zebraﬁsh	embryo	development	
Continuous exposure (120h)	
Exposure from 72 hpf (48h)	
Exposure from 96 hpf (24h)	
F	
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Protein extraction and digestion 
For the protein extraction, the sample was placed in the lysis buffer (7 M urea, 2 M 
thiourea, 1 % CHAPS, 2 % Triton X-100, 100 mM Tris–HCl, 1 x Protease Inhibitor 
Cocktail, pH 8), homogenized with a pestle (30 strokes) followed by vortex 
homogenization (3 times 10 s with 3 min breaks on ice) and lastly sonicated on ice with 
three successive 10 s bursts (30 s pauses). The sample was finally centrifuged for 20 min 
at 13000 rpm and 4 °C. The proteins were precipitated from the supernatant using a 
conventional methanol/chloroform method. The pellet formed after the precipitation was 
air-dried for 5 min and redissolved in resolubilization buffer (9 M urea, 2 M thiourea, 0.1 M 
Tris–HCl, pH 8.5). The pellet was wetted with 0.2 M NaOH, to improve the solubility 
before adding the resolubilization buffer. The protein concentration was measured by the 
Bradford method. 100 μg of proteins were reduced with TCEP, alkylated 
(carbamidomethylated) with IAA and digested with trypsin (100:1 ratio) overnight (14 to 16 
h) at 37 °C with shaking. The reaction was quenched by adding formic acid. Samples 
were then filtered (0.45 μm, Durapore PVDF, Merck Millipore), placed into glass vials and 
loaded onto the nano-HPLC (Ultimate 3000, Dionex). 
 
 
Shotgun proteomics 
After loading, the peptide mixture was trapped on a commercial C18 column 
(Dionex, 5 mm, 300 μm ID, 5 μm, 100 A, C18 Acclaim PepMap 100), eluted onto an in-
house filled SCX column (3.5 cm, 5 μm, Nucleosil 100-5 SA) followed by an analytical in-
house filled C18 column (4.5 cm, 3 μm, Nucleodur C18 Pyramid) linked in series. A 25 μm 
ID fused silica linked the SCX to the analytical column. Both in-house built columns were 
made from fused silica tubing (100 μm ID, 375 μm OD). The SCX column was closed with 
a frit and pressure-filled. The analytical column was pulled to a needle tip using a needle 
puller (Sutter Instrument Co., Model P-2000, Science Products AG, Basel) before 
pressure-filling. The SCX column and analytical column were exchanged after three 
analytical runs. The sample was directly sprayed from the analytical column into the LTQ-
Orbitrap XL (Thermo Scientific, Germany). The instrument was tuned on the doubly 
charged protonated molecular ion of angiotensin (m/z = 648.8), and calibrated using a 
mixture from Thermo Scientific (CalMix, pos. ProteoMass LTQ/FT Hybrid, Supelco). It was 
operated at 1.2 kV spray voltage in positive ion mode with the tube lens set to 135 V and 
the ion transfer capillary temperature to 200 °C. Peptides were sequentially eluted from 
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the SCX resin to the reverse phase resin by a fully automated standard 11-step MudPIT 
protocol with increasing salt concentrations, followed by an organic gradient (Groh et al., 
2011). One full scan FT mass spectrum (300–1,600 m/z, resolution of 60’000) was run in 
parallel to seven data-dependent MS/MS scans acquired in the linear ion trap with 
normalized collision energy set to 35 %. Precursor ions for MS/MS analysis were selected 
scan-dependently with dynamic exclusion set to 60 s and minimal signal intensity of the 
protonated molecular ion to 103 counts. Mass spectrometer scan functions and HPLC 
solvent gradients were controlled by the Xcalibur data system (Thermo Scientific). Three 
technical replicates of each sample were analyzed.  
 
 
 
LC-MS/MS data analysis 
Scripts developed in-house were used to generate peak lists by converting the raw 
data files into MASCOT generic format files (mgf). The data generated was searched for 
peptide hits using the Open Mass Spectrometry Search Algorithm (OMSSA; Geer et al., 
2004) against an in-house curated protein database containing the available protein 
sequences for Danio rerio downloaded from NCBI in 2014. Redundant protein entries 
were partially removed by the software CD-HIT (Li and Godzik, 2006) with the threshold 
set to 0.95. The database was supplemented with the sequences of common 
contaminants that could originate from sample processing, such as highly abundant 
human proteins (e.g. keratins) and trypsin. Equal numbers of randomized sequences 
produced by the decoy.pl PERL script freely available from MASCOT (Matrix Sciences, 
Boston, MA, USA) were also added to the database to be used for calculation of false 
discovery rates (FDR) based on the target-decoy database approach (Käll et al., 2008). 
During database search carbamidomethyl-cysteine was set as fixed modification. Protein 
N-terminal acetylation, oxidation of methionine, deamidation of asparagine and glutamine 
and peptide N-terminal formation of pyroglutamic acid were set as variable modifications. 
Tryptic specificity was set to a maximum of two missed cleavages. The charge of 
precursors to be searched was +2 and +3, and minimum precursor charge to start 
considering multiply charged products was set to +2. Only discrete hits with FDR less than 
1 % were considered for further analysis. Protein quantitation was performed based on a 
label-free approach that takes into account the spectral counts for observed peptide hits. 
With this objective the OMSSA files from the two technical replicates were combined and 
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analyzed by G-test (Zhang et al., 2006). Only proteins that had more than twenty counts in 
at least one of the conditions were considered. For each protein, the normalized 
proportion of its counts as a function of the protein length (normalized spectral abundance 
factors; NSAFs; Zybailov et al., 2006) was calculated for all experimental conditions. The 
protein fold changes were then estimated by dividing this value in the exposure conditions 
by the corresponding value in the control condition.  
 
 
 
 4.2.3 - Statistics 
 
LC50 and EC50 estimates were obtained by nonlinear fitting to a four parameter 
logistic equation through the least squares statistical method using Graphpad Prism V. 
5.0.C. When it was not possible to fit a dose-response curve to the data due to the lack of 
response, the significance of the differences between the observed effects at each tested 
concentrations was evaluated using a one-way ANOVA followed by a Dunnett’s Multiple 
Comparison post hoc test. Homogeneity of variances was tested using the Brown-
Forsythe test. 
 
 
  
 4.3 - Results  
 
All experiments met the requirements for control survival and normal development 
of ≥ 90 %. No significant differences in response were observed between freshwater and 
DMSO for all of the endpoints tested across the three species exposed to tralopyril, TPBP 
and capsaicin, with the exception of the differential proteomics analysis. Therefore, since 
DMSO was used in all solutions to dissolve the biocides, treatments were compared to the 
respective DMSO control. Similar approaches, where treatments are compared with 
solvent control have previously been reported in the literature (Kamel et al., 2012; Lacaze 
et al., 2015; Oliveira et al., 2016a). The percentage of DMSO used in the solvent controls 
was 0.01 % with the single exception of the D. magna capsaicin series where a higher 
solvent exposure percentage of 0.03 % was used. In this latter case there were no 
significant differences between both controls either. 
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Nominal concentrations were used throughout this study for TPBP and capsaicin. 
For tralopyril we measured the concentrations in freshly prepared E3 medium solutions, 
used for the zebrafish bioassays. Results showed that, at the start of the exposures, 
nominal concentrations were very similar to the measured ones (Table S 4.1 in 
supplementary material).  
 
 
  
 4.3.1 - Toxicity to the green algae C. reihardtii 
 
The results of toxicity tests with C. reinhardtii are shown in  
Figure 4.2. Among the three tested biocides, tralopyril was the most toxic to C. 
reinhardtii and caused lethal and sub-lethal effects on both the effective quantum yield of 
PSII (ΦPSII) and ATP levels in a dose-dependent manner. The calculated LC50_24h and the 
confidence interval (shown in brackets) were 71 (66.8 - 75.6) μg L-1. After 4 h of exposure 
the calculated EC50_4 h values were 70.4 (66.60 – 74, 50) μg L-1 and 60.48 (52.79 – 69.30) 
μg L-1 for ΦPSII and ATP levels, respectively. After 24 h an increase of the EC50_24 h for both 
ATP and ΦPSII was observed (especially at 75 and 100 μg L-1 treatments where we 
suspect that some algae cells had recovered from the exposure and were able to continue 
growing) whilst for concentrations higher than 100 μg L-1 there was nearly 100 % cell 
mortality. 
The growth inhibition caused by TPBP was negligible. Significant differences on 
the ΦPSII were observed only at the maximum concentration tested. ATP levels were 
higher in exposed algae. However, statistically significant effects were detected in the two 
highest concentrations after 4 h and at 250 μg L-1after 24h.  
Capsaicin did not cause significant alterations in growth, ΦPSII or ATP content in C. 
reinhardtii. 
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Figure 4.2 - Chlamydomonas reinhardtii: effects of tralopyril (1st row), TPBP (2nd row) and capsaicin 
(3rd row) on the algae growth after 24h (1st column), effective quantum yield of PSII (ΦPSII) (2nd 
column) and ATP levels (3rd column). The three levels of significance are indicated by a (p < 
0.001), b (p < 0.01) and c (p < 0.05). 
 
 
4.3.2 - Toxicity to the crustacean D. magna 
 
Following the OECD guidelines, a continuous exposure of 48 h was performed 
with young daphnids aged less than 24 h. Two EC50 were calculated: after 24 and 48 h. 
Results from the Daphnia acute immobilization test using tralopyril and TPBP are 
summarized in  
Figure 4.3. Our results show that capsaicin didn’t exert toxic effects up to 1 mg L-1 
(for this reason the graph for capsaicin is not shown in Figure 3) and that TPBP was more 
toxic than tralopyril (EC50_TPBP_48h = 8.8 (8.0 – 9.7) μg L-1 and EC50_tralopyril_48h = 25.2 (23.1 – 
27.4) μg L-1). Due to the similarity of the EC50 obtained for tralopyril at 24 h and 48 h, and 
knowing that it degrades rapidly in a few hours (Kempen, 2011; Oliveira et al., 2016b), 
additional experiments with exposure solution renewal were performed. When the renewal 
was performed after 24 h, the EC50_48h for tralopyril decreased substantially. With 
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renewals performed every 12 h there was a further decrease of both EC50_24h and EC50_48h, 
indicating that the actual concentration of the compound increased and hence the effect 
concentration strongly depends on tralopyril degradation and frequency of the media 
renewal.  
On the other hand, both EC50 values calculated for TPBP (with one media renewal 
after 24 h) were very similar to those from the continuous exposure, suggesting that 
TPBP's EC50 are independent from the media renewal and thus TPBP does not degrade 
in the 48 h of the test duration. Therefore, we did not test more frequent medium renewal 
protocols for this compound.  
 
 
 
 
Figure 4.3 - Daphnia magna immobilization test: median effective concentrations (EC50) plus the 95 
% confidence intervals calculated after 24 and 48 h of exposure to tralopyril and TPBP with and 
without exposure solution renewal. 
 
 
 
 
 4.3.3 - Toxicity to the zebrafish D. rerio 
 
 
Results obtained for the three AF biocides are summarized in Table 4.1. Following 
continuous exposure (from ~1 hpf until 120 hpf), tralopyril was the most toxic biocide. The 
main sub-lethal effects of tralopyril were an inhibition of the swim bladder inflation and, 
occasionally, a deformation of body axis (lordosis) at higher concentrations (6 and 8 μg L-
1). TPBP was less toxic overall, but more sub-lethal effects were observed: it inhibited the 
inflation of the swim bladder, caused heart edema, reduction of the blood flow, locomotion 
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difficulties and changes in the heart beat rate. The latter increased significantly at 50 μg L-
1 (p < 0.01) and started to decrease at 100 μg L-1, with a statistical significance achieved 
at 250 μg L-1. In addition, high TPBP concentrations seemed to induce light sensitivity. 
This effect was observed in embryos with decreased heart rate and poor blood flow (250 
and 375 μg L-1). Despite their extreme locomotion difficulties, these embryos tried to swim 
away from light. This observation requires further studies for confirmation. Capsaicin did 
not cause mortality up to 1 mg L-1. Interestingly, statistically significant increase of the 
heart rate was observed at all tested concentrations of capsaicin. 
 
Due to its low toxicity, capsaicin was not further assessed, while the effects of 
tralopyril and TPBP were additionally evaluated with other exposure scenarios (Table 4.1 
and Figure 4.4). These experiments were performed in order to understand whether a 
shorter exposure at different stages of embryo development would lead to the same 
extent of toxic effects. For this, two 24 h exposures (during the first 24h and from 96 to 
120 hpf) and one 48 h exposure (from 72 to 120 hpf) were assessed (Figure 4.1). 
 
Exposure to tralopyril during 24 h or more always caused some mortality, 
increasing with longer exposure times. A continuous exposure from ~1 until 120 hpf 
showed the highest toxicity (LC50 = 5.02 μg L-1), followed by a 48 h exposure from 72 until 
120 hpf (LC50 = 6.38 μg L-1), and finally by the 24 h exposure (LC50 of 7.27 and 13.3 μg L-1 
for exposures starting at 96 and ~ 1 hpf, respectively). The moment when the exposure 
occurs also has an effect on the LC50: in embryos exposed during the first 24 h the 
compound showed less toxicity (LC50 = 13.3 μg L-1) compared to those exposed at 96 hpf 
(LC50 = 7.27 μg L-1), when the embryos are already hatched. This result suggests that the 
chorion may have a protective effect against this compound. In fact, when hatched 
embryos are exposed (72 hpf and later), there are no significant differences between the 
LC50 calculated for 24 h or 48 h exposure durations (confidence intervals overlap; Figure 
4.4A).  
 
For TPBP, the continuous exposure was also the most toxic (LC50 = 447.5 μg L-1), 
followed by the 48 h exposure starting at 72 hpf (LC50 = 855.8 μg L-1) (Figure 4.4B). 
Effects on the inflation of the swim bladder, heart edema formation, blood flow and heart 
beat rate were observed following both of these exposure regimes. In turn, a shorter 
exposure of 24 h, regardless of the starting time, did not cause appreciable mortality or 
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sub-lethal effects (except for the effects on the heart beat rate). Therefore, it was not 
possible to calculate LC50 and EC50 for these exposure scenarios. The exact effects on 
the heart rate depended on the exposure scenario as indicated in Table 4.1  
 
 
 
Table 4.1 - Danio rerio: Lethal and sub-lethal effects of tralopyril, TPBP and capsaicin at 120 hour 
post fertilization (hpf) after continuous exposure from 1 until 120 hpf. The median lethal 
concentration (LC50) and the median effect concentration (EC50) for the swim bladder inflation (sbi), 
heart edema (he), blood flow (bf) plus the confidence interval in brackets are presented in μg L-1. 
The heart beat rate (hbr) is presented as an increase (↑) or decrease (↓) plus the lowest 
concentration at which the effect was statistically different from the solvent control. The same 
endpoints were measured for tralopyril and TPBP at other exposure times: a 48 h exposure starting 
at 72 hpf and two 24 h exposures, starting either at 1 or 96 hpf; n.s. – not statistically different; n.o. 
– not observed. 
 
Compound 
Exposure 
duration 
Lethal effects    
μg L-1 
Sub-lethal effects 
μg L-1 
LC50  EC50_sbi EC50_he EC50_bf LOEC_hbr 
Tr
alo
py
ril 
1 until 120 hpf 
5.02 
(4.86 - 5.19) 
2.6 
(1.94 - 3.63) 
n.o. n.o. n.s 
72 until 120 hpf 
6.38 
(5.88 - 6.93) 
3.57 
(2.42 - 5.27) 
n.o. n.o. n.s 
96 until 120 hpf 
7.27 
(6.32 - 8.36) 
6.04 
(3.82 - 9.55) 
n.o. n.o. n.s 
1 hpf until 25 hpf 
13.3 
(10.66 - 16.59) 
12.28 
(14.01 - 20.66) 
n.o. n.o. n.s 
TP
BP
 
1 until 120 hpf 
447.5 
(434.1 to 461.3) 
113.3 
(96.31-133.2) 
176.2 
(125.3 to 247.8) 
346 
(290.60 - 411.9) 
↑ 50 
↓250 
72 until 120 hpf 
855.8 
(820.3 - 892.9) 
214.7 
(174.7 - 263.8) 
417.5 
(286.4 - 608.7) 
571.1 
(521.3 - 625.7) 
↓ 250 
96 until 120 hpf n.o. n.o. n.o. n.o. ↓375 
1 hpf until 25 hpf n.o. n.o. n.o. n.o. ↑ 50 
capsaicin 1 until 120 hpf n.o. n.o. n.o. n.o. ↑ 1 
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Figure 4.4 - Danio rerio: Survival of the embryos at 120 hpf (full line) and respective confidence 
intervals (intermittent line) following exposure to tralopyril (A) and TPBP (B), with different exposure 
scenarios as indicated by the legend: continuous - exposed from 1 to 120 hpf; 48 h - exposed from 
72 to 120 hpf; 24 h - either during the first 24 hpf or from 96 to 120 hpf. 
 
 
 
 4.3.4 - Toxic ratio (TR) as an indication of the mode of action 
 
Important parameters of a certain substance (i.e LC50, log KOW, etc) may be 
predicted through their physico-chemical characteristics. The TR is defined as the ratio 
between an LC50 estimated from a QSAR (quantitative structure–activity relationship) 
model for baseline toxicity and the experimental LC50 value for a certain species. In this 
study we used a windows-based suite of programs developed by the U.S. Environmental 
Protection Agency (EPA’s Office of Pollution Prevention Toxics) and Syracuse Research 
Corporation (SRC) named EPISUITEÔ to estimate physico-chemical properties and 
environmental fate of chemicals. Input values were the compound name, CAS number, 
formula and molecular weight. The resulting zebrafish embryo LC50 for tralopyril and 
TPBP were 1425 μg L-1 and 84 μg L-1, respectively. No simulations were done for 
capsaicin since no experimental LC50 for zebrafish embryos could be achieved in this 
study.  
A TR of 10 separates “specifically toxic chemicals” from “baseline toxicants” 
(Maeder et al., 2004). Tralopyril achieved a score of 285 indicating that this chemical has 
a specific mode of toxic action. This was confirmed by the Assessment Report on 
tralopyril evaluation for inclusion on the BPR (European Chemicals Agency, 2014), which 
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identified tralopyril as an uncoupler of the mitochondrial oxidative phosphorylation. TPBP 
achieved a score of 0.9 meaning that its toxicity is most probably based on general 
narcosis.  
 
 
4.3.5 - Effects of tralopyril and TPBP on the zebrafish proteome 
 
Eight different samples were analyzed in order to investigate changes in the 
proteome of zebrafish embryos exposed to tralopyril and TPBP: E3 medium control 
(CTRL); 0.01 % solvent control (DMSO); three sub-lethal tralopyril concentrations: 1 μg L-1 
(TP1), 2 μg L-1 (TP2) and 4 μg L-1 (TP4); and three sub-lethal TPBP concentrations: 75 μg 
L-1 (TPBP75), 100 μg L-1 (TPBP100) and 250 μg L-1 (TPBP250).  
About 2000 unique protein sequences could be detected per sample (Table S 4.2 
in supplementary material). The G-test revealed only a few proteins to be significantly 
regulated by the assessed exposures.  
Figure 4.5 and  
Figure 4.6 show proteins that fulfill the criteria of G-test significance (p<0.01) and 
have more than 20 counts in at least one of the conditions. 
 
 
 
Figure 4.5 - Danio rerio: Protein regulation (compared to 0.01 % DMSO) in zebrafish embryos 
exposed to three concentrations of tralopyril: 1 (TP1 vs. DMSO), 2 (TP2 vs. DMSO) and 4 (TP4 vs. 
                
 	 ID	 Protein Name	
CTRL vs. 
DMSO	
TP1 vs. 
DMSO	
TP2 vs. 
DMSO	
TP4 vs. 
DMSO	
 	  	
Energy       
Metabolism	
 NP_998544	  aspartate aminotransferase 2a 	  *	  *	  *	  	  	
 NP_571924	  alcohol dehydrogenase class-3 	  *	  *	  	 Fold Induction	
 XP_005163170	  pyruvate kinase isozymes M1/M2 isoform X1 	  *	  	 not detected	
 NP_001002495	  cytochrome b-c1 complex subunit 8 	  *	  	 <0.25	
 NP_001116082	  vitellogenin 6 	  *	  *	  	 0.25 - 0.5	
Cytoskeleton	
 NP_001034908	  uncharacterized protein LOC563946 	  *	  	 0.5 - 1	
 XP_003199488	  myomesin-2 	  *	  	 1 - 2	
Eye Structure	  NP_001002586	  crystallin, beta A1b 	  *	  *	  	 2 - 4	
Cell Differentiation	  NP_001136015	  non-histone chromosomal protein HMG-17 	  *	  *	  	 > 4	
Cell Division	  NP_957213	  nuclear migration protein nudC 	  *	  	  	
mRNA Splicing	  NP_956054	  small nuclear ribonucleoprotein D3                                        
polypeptide like 	  *	  	  	
 	  	  	  	  	  	  	  	  	
Chapter 4 – Toxicity of emerging antifouling biocides to non-target freshwater organisms of three trophic levels 
 124 
DMSO) μg L-1. Protein regulation in control conditions was also analyzed (CTRL vs. DMSO). The 
conditions marked with * are statistically significant (G-test, p<0.01). 
 
 
 
 
Figure 4.6 - Danio rerio: Protein regulation (compared to 0.01 % DMSO) in zebrafish embryos 
exposed to three different concentrations of TPBP: 75 (TPBP75 vs. DMSO), 100 (TPBP100 vs. 
DMSO) and 250 (TPBP250 vs. DMSO) μg L-1. Protein regulation in control conditions was also 
analyzed (CTRL vs. DMSO). The conditions marked with * are statistically significant (G-test, 
p<0.01). 
 
 
Vitellogenin 6 was the only protein significantly upregulated (p<0.01) by 0.01 % 
DMSO compared to blank control. Tralopyril exposure significantly modulated the 
expression of 11 proteins (Figure 5), while TPBP significantly modulated the expression of 
8 proteins (Figure 6). For both compounds, protein upregulation without a clear dose 
dependency was the most common response observed. 
 
 4.4 - Discussion 
 
Despite the continuous efforts to develop more environment-friendly AF chemicals, 
it is difficult to avoid any consequences for non-target organisms. One must bear in mind 
that AF systems need to fulfil their biocidal function in protecting submerged structures. 
However, it is important to make sure that pollution cases, like that caused by tributyltin in 
the past, do not reoccur (see (Antizar-Ladislao, 2008; Sousa et al., 2014) for review). Our 
		 		 		 		 		 		 		 		 		
ID	 Protein Name	 CTRL    vs. DMSO	
TPBP 75 
vs. DMSO	
TPBP 100 
vs. DMSO	
TPBP 250 
vs. DMSO	
 	
Energy      
Metabolism	
 NP_998544	  aspartate aminotransferase 2a	  *	  	 Fold Induction	
 XP_005163170	  pyruvate kinase isozymes M1/M2 isoform X1	  *	  	 not detected	
 NP_001116082	  vitellogenin 6	  *	  *	  	 <0.25	
Cytoskeleton	  XP_009302952	  nebulin isoform X3	  *	  	 0.25-0.5	
Eye Structure	  NP_001002586	   crystallin, beta A1b	  *	  *	  	 0.5-1	
Cell Differentiation	  NP_001136015	   non-histone chromosomal protein HMG-17	  *	  	 1 - 2	
Cell Growth	  NP_001258746	   enhancer of rudimentary homolog	  *	  	 2 - 4	
Protein Folding	  NP_997923	   peptidyl-prolyl cis-trans isomerase A	  *	  *	  	 > 4	
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study aimed to assess the toxicity of the latest generation AF biocides tralopyril, TPBP 
and capsaicin in the three freshwater (non-target) model species, and to increase our 
understanding of their mode of action and ecological risk.  
 
Among the three tested biocides, capsaicin was consistently the least toxic to all 
three species. Tralopyril was the most toxic to algae and zebrafish. In the D. magna acute 
immobilization test, tralopyril was more toxic than TPBP after 24 h and presented similar 
toxicities after 48h, but only if concentrations were maintained by means of exposure 
solution renewal. If no renewal of exposure solutions were made, TPBP exhibited a 
greater toxicity than tralopyril after 48 h for this crustacean, due to the quick degradation 
of tralopyril.  
 
Both biocides also seem to have a different mode of action: specific for tralopyril 
while TPBP appears to be a baseline toxicant (section 4.3.4). Despite this difference, both 
compounds caused common morphological effects, e.g. inhibition of the zebrafish swim 
bladder inflation. This air-filled bladder helps the animals to achieve neutral buoyancy and 
reduce the energetic cost of swimming (Jönsson et al., 2012). The non-inflation of the 
swim bladder is usually not immediately lethal to the organisms but greatly diminishes the 
probability of their long-term survival (Villeneuve et al., 2014; Di Paolo et al., 2015).  
 
Generally, our proteomic data did not show a clear dose-dependent response, 
which matches observations in the literature (Riva et al., 2011; Shen et al., 2007). The 
differential proteomic analysis revealed that five proteins were regulated by both tralopyril 
and TPBP: vitellogenin 6, crystallin β A1b, aspartate aminotransferase 2a, pyruvate 
kinase isozymes M1/M2 isoforms X1 and non-histone chromosomal protein HMG-17. The 
joint regulation by compounds that have different modes of action may indicate that these 
proteins reflect a general stress response rather than a specific effect of the substances 
analyzed. Vitellogenin 6 was also regulated by DMSO exposure alone. In fact, 
vitellogenins, used as energy source for development, are highly abundant in embryos of 
oviparous vertebrates (Tyler and Sumpter, 1996). Crystallins are major constituents of the 
eye lens but have other functions as well, such as an ability to inhibit apoptosis and 
enhance the resistance of cells to stress (Andley, 2007). Both protein families have been 
frequently reported by differential proteomics studies as responding to various stressors 
(Groh and Suter, 2015).  
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Aspartate aminotransferase 2a (AST) and pyruvate kinase isozymes M1/M2 
isoforms X1, both upregulated by tralopyril and TPBP, are related to energy metabolism 
and play essential roles in survival, stress adaptation and tolerance. The upregulation of 
pyruvate kinase may represent a strategy to maintain the energy levels and cope with 
toxic stress (Sokolova, 2013). On the other hand, upregulation of AST has been linked to 
tissue damage (Begum, 2005; Zhang et al., 2014). In several studies, the upregulation of 
AST (usually together with alanine aminotransferase) has been used as a marker of 
environmental pollution and fish diseases (Chen et al., 2013; Fırat et al., 2011; Loteste et 
al., 2013). In our study, alanine aminotransferase protein was not detected.  
 
The upregulation of non-histone chromosomal HMG-17 has been found to 
correlate with processes of cell differentiation rather than proliferation. It unfolds the higher 
order chromatin structure, influencing the accessibility to DNA and thus enhancing 
transcription and replication potential of a chromatin template (Herrera et al., 1999; Pogna 
et al., 2010). Thus, the upregulation of HMG-17 protein may signify that DNA is more 
vulnerable to the chemical exposure, possibly affecting the normal development of 
zebrafish embryos. 
 
 4.4.1 - Tralopyril-specific effects of exposure 
 
Among the three tested biocides, tralopyril showed the highest toxicity despite its 
short half-life in water. Results obtained for the acute toxicity test with Daphnia magna 
confirmed its fast degradation time since renewing the media caused a decrease of the 
LC50. In fact, tralopyril's half-life in natural freshwater has been determined to be 8.1 h 
(Oliveira et al., 2016b). Therefore, an exposure to a constant tralopyril concentration, 
using for instance passive dosing (Vergauwen et al., 2015), or calculating effect 
concentrations based on the actual dose seen by the organism, would probably result in a 
lower LC50 value than the one reported in our study. This short tralopyril half-life is also 
reflected in the C. reinhardtii bioassay. A 4 h exposure to this biocide caused significant 
sub-lethal effects on both the ATP content and on the effective quantum yield of PSII 
(ΦPSII) whilst from the first (4 h) to the second time-point (24 h) a recovery was observed at 
concentrations close to the LC50 (71 μg L-1). Although other authors have reported a 
recovery after exposure to toxic compounds connecting it to the response of the cellular 
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detoxification mechanisms (Nestler et al., 2012; Pillai et al., 2014), we consider that our 
observations might have been mostly driven by the quick tralopyril degradation. Thus the 
observed results are thought to come from the recovery of some algal cells that were not 
permanently impaired after a 4 h exposure. In this way, those cells were able to recover 
(and possibly to proliferate) leading to an increase in both ATP content and the ΦPSII. 
Tralopyril was also found to be very toxic to zebrafish embryos. Sub-lethal effects 
were observed even if the exposure to the compound lasted 24 h, especially if the 
embryos were already hatched. Besides, during continuous exposure, tralopyril was found 
to be teratogenic, occasionally causing lordosis at the higher concentrations tested.  
 
Sub-lethal concentrations of tralopyril led to the upregulation of proteins involved in 
energy metabolism, cytoskeleton and eye structure formation, cell division and 
differentiation, and mRNA splicing. From the six proteins specifically regulated by tralopyril 
exposure, two belong to the group of cytoskeletal proteins. As stated above, the increased 
expression of the highly abundant protein myosin is thought to be related to general 
stress. The other protein (LOC563946) yet lacks biochemical annotation.  
 
Not surprisingly, tralopyril had an effect on the regulation of the cytochrome b-c1 
complex. Proteins belonging to this complex, located in the inner mitochondrial 
membrane, are central components of all the main energy transduction systems. The 
cytochrome b-c1 complex catalyzes the transfer of an electron to a higher-potential 
acceptor protein. This electron transfer is coupled to generate the proton gradient that 
drives ATP synthesis (Crofts, 2004; Tuo et al., 2015; Wallace and Starkov, 2000). As 
tralopyril is thought to uncouple the mitochondrial oxidative phosphorylation by dissipating 
the proton gradient necessary for ATP formation (European Chemicals Agency, 2014; 
Oliveira et al., 2016a), the upregulation of this protein suggests a response of the cells 
aimed at counteracting the chemical effect. Surprisingly, however, no oxidative stress 
proteins were found to be significantly regulated by tralopyril exposure. 
 
Alcohol dehydrogenase – class 3 (ADH3) was also upregulated by tralopyril. This 
enzyme is found in diverse tissues from different species (Coelho et al., 2012; Oh et al., 
2013; Park and Kwak, 2009) including zebrafish embryos (Dasmahapatra et al., 2001; 
Reimers et al., 2004) and is well conserved throughout evolution. ADH3, also known as 
glutathione-dependent formaldehyde dehydrogenase, catalyzes the reversible oxidation of 
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a wide variety of xenobiotic and endogenous alcohols to their corresponding aldehydes 
(Dasmahapatra et al., 2001; Duester et al., 1999). Its role in scavenging formaldehyde (an 
intermediate in many metabolic processes) suggests a protective function for the entire 
enzyme system (Iborra et al., 1992; Jin et al., 2011). Although it is still not known what 
happens to tralopyril after entering the zebrafish embryo, our results suggest that the 
overexpression of ADH3 may be associated with the tralopyril-induced biotransformation 
pathways.  
 
The nuclear migration protein NudC has been reported to play a role in mitosis, 
being essential for a proper basal-to-apical nuclear migration during the G2 phase 
(Kosodo, 2012). Furthermore, NudC also associates with several other proteins 
participating in various biological processes, such as protein folding and biosynthesis, 
signal transduction, nucleic acid binding, metabolism, and other cellular processes (Zhu et 
al., 2010). In mammals, this highly conserved protein is thought to be implicated in the 
migration and proliferation of tumor cells and also in the regulation of the inflammatory 
response (Riera and Lazo, 2009). A study by Aumais and co-workers (2003) showed that 
the overexpression of NudC in mammalian cells inhibited cell proliferation and led to an 
increase in multinucleation resulting in abnormal midbody and cytoskeletal structures. 
Tralopyril exposure induced the upregulation of this protein at all concentrations, however, 
significant only at 1 μg L-1. The same was observed for the small nuclear 
ribonucleoprotein D3 polypeptide. Small nuclear ribonucleoproteins (snRNPs) are 
involved in mRNA splicing. Each snRNP consists of one or two small nuclear RNAs 
associated with a set of so-called Sm proteins to which the small ribonucleoprotein D3 
also belongs. Perturbation of snRNPs results in alternative splicing that affects proteome 
complexity and plays an important role in the modulation of cellular functions. Splicing 
aberrations can cause or contribute to the development of cancers and genetic diseases 
(Clelland et al., 2009; Eggert et al., 2006; Lee et al., 2014). Although it would be 
premature to draw any definite conclusions on the contribution of tralopyril to changes in 
splicing reactions based solely on the upregulation of this protein, this finding may direct 
further research on the molecular mechanisms underlying tralopyril's toxicity. 
 
 4.4.2 - TPBP-specific effects of exposure 
 
TPBP was toxic to all three tested species with the crustacean D. magna being the 
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most sensitive. In the algae, a significant decrease in both ΦPSII and the ATP levels was 
noted, probably due to baseline toxicity. However, these effects were not strong enough to 
cause lethality. Compared to tralopyril, TPBP was not as lethal to zebrafish but caused 
more sub-lethal effects such as heart edema and changes in the heart beat rate, alteration 
of locomotion and decreased blood flow.  
The effects of sub-lethal TPBP concentrations on the zebrafish embryo proteome 
comprised the regulation of proteins involved in the energy metabolism, cytoskeleton and 
eye structure formation, protein folding, and cell growth and differentiation. As stated 
before, the proteins commonly regulated by DMSO, tralopyril and TPBP - crystallin and 
vitellogenin – are thought to reflect a general stress response. However, contrary to the 
other compounds, vitellogenin showed a significant downregulation in response to TPBP. 
Although the exact pathways leading to up- or downregulation of vitellogenin remain to be 
understood, it has been observed that not only estrogens but also some other stressors 
may lead to changes in the vitellogenin regulation (Groh and Suter, 2015).  
Three proteins were specifically regulated by TPBP exposure: nebulin isoform X3, 
enhancer of rudimentary homolog and peptidyl-prolyl cis-trans isomerase A. Nebulin is a 
major filamentous protein constituent of the striated muscle. Ultrastructural studies 
demonstrated that this protein is expressed uniformly in skeletal muscles extending along 
the entire length of the thin filament thus playing a critical role in the maintenance of the 
sarcomeric structure (McElhinny et al., 2005; Witt et al., 2006). The expression of specific 
nebulin isoforms is thought to determine the specificity of the thin filament length reflecting 
intrinsic functional requirements of a certain muscle type (Bang et al., 2006; Witt et al., 
2006). Furthermore, biochemical studies also suggest that this protein regulates the 
interaction of actin with myosin in response to calcium levels. Hence, nebulin has an 
important role in muscle contraction, stability, organization and in vivo force generation 
(Bang et al., 2006; McElhinny et al., 2005; Witt et al., 2006). Changes in the expression of 
the nebulin gene in zebrafish are known to be involved in nemaline myopathy with the 
embryos exhibiting defects in contractile properties (Gibbs et al., 2013; van der Meer, 
2005). Although still controversial, nebulin is also thought to be involved in thin filament 
length regulation in the cardiac muscle where it has been detected in some fish species 
(e.g. agnathans; Fock and Hinssen, 2002) and mice (Kazmierski et al., 2003). Kazmierski 
and co-workers (2003) have proposed a shared conserved nebulin-based mechanism for 
both skeletal and cardiac muscles, suggesting that nebulin isoform diversity may 
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contribute to their differences. In our study we observed an upregulation of nebulin 
isoform X3 in response to TPBP, even though this protein was downregulated by DMSO. 
We think that nebulin upregulation in TPBP exposed embryos may be related to the 
locomotion difficulty detected in the zFET at 250 and 375 μg L-1. On the other hand, 
nebulin regulation may also be linked to the heart defects caused by TPBP, such as heart 
edema and heart rate changes.  
The enzyme peptidyl-prolyl cis-trans isomerase (PPIA) belongs to the cyclophilins 
family. This protein catalyzes the cis-trans isomerization of proline peptide bonds in 
oligopeptides and has been shown to accelerate the refolding of several proteins in vitro 
(Fischer et al., 1989; Takahashi et al., 1989). In recent years, PPIA has been found to 
interact with numerous other proteins playing important roles in diverse biological 
processes such as protein folding, trafficking, and cell signaling (Zhang et al., 2015). 
Moreover, there are indications of PPIA involvement in several chronic pathologies 
including disorders of the nervous system, cardiovascular and cardiac diseases (Nigro et 
al., 2011; Satoh et al., 2011; Seizer et al., 2011). PPIA is also confirmed as an important 
regulator of adipogenesis and was found to be upregulated in some types of cancer 
(Zhang et al., 2015). In our study we observed a significant upregulation of PPIA by TPBP 
but only in the lowest and highest concentrations (fold induction of around two for both). In 
TPBP 75 μg L-1 this protein was (not significantly) downregulated. 
Lastly, a strong upregulation of the enhancer of rudimentary homolog (ERH) was 
observed in response to TPBP exposure. DMSO caused its downregulation, although not 
significantly. This protein, small but highly conserved among eukaryotes, has been linked 
to transcriptional regulation and cell cycle processes. Its exact molecular function has 
remained puzzling. Recently it has been shown that ERH has an important role during 
mitosis and in the mRNA splicing activity. This protein is critically required for genomic 
stability but also in cancer cell survival (Fujimura et al., 2012; Weng et al., 2015). 
 
 
 4.4.3 - Capsaicin-specific effects of exposure 
Capsaicin did not cause lethal effects in any of the tested species up to the highest 
concentration tested (1 mg L-1). In the literature, LC50 of 5.98 mg L-1 for the fish Danio rerio 
acute toxicity test and 114 mg L-1 for the freshwater algae Selenastrum capricornutum 
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growth inhibition test are reported (Wang et al., 2014). These values are considerably 
higher than those we tested. 
In the current study, no significant sub-lethal effects were observed for the algae 
and the crustacean. The only sub-lethal effect observed was a significant increase in the 
zebrafish heartbeat rate. Interestingly, while a decrease in the heart rate is most 
commonly reported for chemical exposure, capsaicin caused an increase in the zebrafish 
heart rate at all concentrations tested. An increase in the heart rate has also been 
observed in zebrafish embryos exposed to a brominated flame retardant which, at higher 
tested concentrations, upregulated several genes involved in the cardiac function (Wu et 
al., 2013). In the case of capsaicin, the implications of an increased heart rate on the 
embryos are not known. Hence, it would be interesting to explore whether it has any 
effects on cardiac function, growth or even survival in the long term in fish and other 
vertebrates. 
To the best of our knowledge, no further reports on the sub-lethal effects of 
capsaicin in freshwater animals exist, except its effects on the attachment of the adult 
freshwater mussel Dreissena polymorpha (Angarano et al., 2007; Cope et al., 1997). 
Although the mode of action of this compound is still to be elucidated, it seems that its 
major advantage is the AF effect without a strikingly lethal response. 
 
 4.4.4 - Hypothetical Risk Assessment of tralopyril, TPBP and capsaicin 
The ecological risk assessment of an AF biocide comprises four main steps i) 
hazard identification, ii) dose (concentration) - response (effect) assessment, iii) exposure 
assessment and iv) risk characterization. These steps represent a systematic process for 
identifying adverse consequences and their associated probabilities arising from AF 
system utilization. Organisms exposure to AF biocides occurs mostly during their leaching 
from the AF paints into the water but it may also occur in the dockyards during the 
spraying and/or painting as well as during the waste disposal after cleaning and 
scratching of the old coatings (Senda, 2009). The experimental work presented in this 
study contributes to the establishment of the predicted no effect concentration (PNEC). 
For the PNEC concentrations intended to be used for risk assessment, the utilization of 
safety factors is highly encouraged (step ii). Due to the scarce or non-existing information 
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about environmental concentrations of these emerging substances, the marine antifoulant 
model for predicting environmental concentrations (MAMPEC, Version 3.0; Deltares, 
Amsterdam, Netherlands) was used to calculate theoretical predicted environmental 
concentrations (PEC) occurring in a freshwater marina (step iii). Lastly, the risk 
characterization was calculated using the PEC/PNEC ratio (step iv). If this ratio is > 1 then 
the compound may probably threaten the wildlife and the ecosystems (European 
Commission, 2003). 
The use of safety factors is not a trivial issue and depends on the type of available 
toxicity data. It is highly recommended as a precaution to ensure that harmful substances 
are identified (European Commission, 2003). Although the guidelines for risk assessment 
support a more protective approach, we consider that a safety factor of 50 applied to the 
lowest no observed effect concentration (NOEC) of the most sensitive species is sufficient 
in this study. Besides the Daphnia magna acute immobilization test that exclusively 
reported acute toxicity, other more comprehensive tests using the algae C. reinhardtii and 
the zebrafish D. rerio were performed. The algal growth inhibition test is, in principle, a 
multigenerational test (European Chemicals Agency, 2015) since it is performed in the 
exponential phase when the algae are about to reproduce. Furthermore, the zFET 
arguably covers the most sensitive phase of development, from fertilization until 120 hpf. 
Thus, we consider that these tests are sensitive enough to support our decision to use an 
assessment factor of 50, as required by the Biocidal Products Regulation, when dealing 
with chronic values covering two trophic levels (European Chemicals Agency, 2015). To 
derive the PNEC, for tralopyril we used the no observed effect concentration (NOEC) 
assessed for zebrafish embryo mortality after continuous exposure from ~ 1 to 120 hpf 
(Table 4.1)  
For TPBP, the NOEC from D. magna acute immobilization test was used, since 
this species was the most sensitive to TPBP. For capsaicin, as no toxicity could be 
observed in this study, we used the LC50 reported for D. rerio by Wang and colleagues 
(Wang et al., 2014).   
 
MAMPEC was used to estimate the predicted environmental concentrations (PEC) 
in a Swiss freshwater marina. Environment, compound and emission are the three 
descriptors used to achieve such theoretical estimations. The environment descriptor 
comprises the information relative to the characteristics of the marina (length, width and 
depth) along with water, hydrodynamics and sediment features. The compound descriptor 
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comprises the physico-chemical properties of the compound such as molecular mass, log 
Kow, solubility, etc. Lastly, the emission scenarios descriptor comprises the number of 
ships along with their underwater surface area, leaching rate and theoretical percentage 
of biocide used in the paint. Although MAMPEC is mostly used to predict marine 
concentrations, the emission descriptors were based on the same approach as 
established by the OECD-EU working group for the risk assessment of antifoulants with 
an adaptation for freshwater marinas as described in the OECD series on Emission 
Scenario Documents – Nº 13: Emission Scenario Document on Antifouling Products 
(OECD 2005). Nevertheless this document points out the site specificity of this model – a 
Swiss marina - stating that a risk assessment based on such specific conditions is 
inadvisable. However, since no harmonized scenarios exist to predict freshwater 
environmental concentrations, we will use this approach as enlightening information on 
the possible risks of such compounds in freshwater marinas. The risk characterization 
based on PEC/PNEC is summarized in Table 4.2. It has to be noted that the effort to 
assess the risk of new contaminants is inevitably subjected to a certain degree of 
uncertainty due to the use of safety factors and the undetermined environmental 
concentrations substituted by the modeled concentrations.  
 
 
Table 4.2 - Hypothetical Ecological Risk Assessment based on the maximum and minimum 
MAMPEC-predicted environmental concentrations (in μg L-1) in a freshwater marina (PECMAX and 
PECMIN) divided by the PNEC to which an assessment factor of 50 was applied. 
 
Compound Endpoint used for PNEC 
estimation (μg L-1) 
PEC Swiss marina Risk Assessment 
Max (μg L-1) Min (μg L-1) PECmax/PNEC  PECmin/PNEC  
tralopyril NOEC (D. rerio):  4 1.44E+00 3.17E-01 18.00 3.96 
TPBP NOEC (D. magna): 8 1.26E+00 2.65E-01 7.88 1.66 
capsaicin LC50 (D. rerio):      5980* 1.98E+00 5.12E-01 0.02 0.00 
(*) Wang et al., 2014 
     
The hypothetical ecological risk assessment performed in this study identified 
capsaicin as an environment friendly compound. However, its effects on the zebrafish 
heart beat rate may require further investigation with regard to the consequences in 
chronic exposure scenarios. On the other hand, tralopyril and TPBP were predicted to 
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pose a risk to freshwater ecosystems even when the lowest PEC is used. Noneless, from 
the industry point of view, capsaicin may have reduced efficiency as an AF biocide 
whereas tralopyril and TPBP may present greater AF potential. Hence, more studies 
should be undertaken to better characterise these AF biocides: for instance, in the case of 
tralopyril, understanding its degradation pathways together with its potential to accumulate 
in the sediments would be crucial to acknowledge its persistence and bioavailability in the 
ecossystem. In turn, this could imply a lower PEC, that could reverse the outcome of this 
result making tralopyril a friendly and effective biocide alternative. On the other hand, 
further chronic toxicological studies could also be important to lower the assessment 
factor used in order to better estimate the PNEC.  
  
Even though the toxicological research history of these biocides is rather short, the 
resulting risk estimated in this study is in agreement with our previous results for the 
marine environment (Oliveira et al., 2014). Thus, these preliminary results should alert the 
users and stakeholders of possible risks associated with the utilization of TPBP and 
tralopyril particularly because the latter is already accepted as antifoulant under the 
Biocidal Product Regulation. 
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Supplementary material 
 
 
Table S 4.1 - Nominal and measured concentrations of tralopyril in E3 in freshly prepared solutions 
(μg L-1). N is the number of solutions analyzed for the same nominal concentration. 
 
Nominal 
concentration 
(μg L-1) 
Mean 
measured 
concentration 
(μg L-1) 
N 
1.0 0.8 ± 0.16 7 
2.0 2.1 ± 0.11 5 
4.0 3.9 ± 0.34 5 
6.0 6.3 ± 0.79 4 
8.0 8.3 ± 1.11 5 
10.0 9.9 ± 0.56 3 
16.0 15.2 ± 0.24 2 
32.0 32.4 1 
Control and solvent control were below the limit of detection (LOD = 0.025 μg L-1) 
 
 
Table S 4.2 - Danio rerio: The number of unique protein sequences (UPS) detected in samples 
from different treatments; three technical replicates per treatment, average and standard deviation 
(StDev) values are shown. 
 
Condition Average UPS StDev 
Control 1976 272.8 
DMSO 2152 506.8 
TP1 2053 322.0 
TP2 2249 198.4 
TP4 2029 510.0 
TPBP75 1917 452.9 
TPBP100 1722 300.9 
TPBP250 1950 135.9 
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LC-MS/MS determination of tralopyril in water samples 
 
 Abstract 
 
A targeted analytical method was established to determine tralopyril (4-bromo-2-
(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile) in water. This compound has 
been recently introduced as a biocide in ship antifouling paints, becoming a potential new 
environmental contaminant. The method presented here allows for the first time the direct 
determination of tralopyril in environmental samples without the need of a pre-
concentration step. The injected sample is separated by a 30 min HPLC-gradient on a 
reversed phase column and the compound identified and quantified by negative ion LC-
MS/MS. Tralopyril solutions in DMSO, seawater, river Glatt water and E3 medium (used 
for zebrafish experiments) were analysed to demonstrate the applicability of the method. 
The method provides good retention time reproducibility and a quantitation limit (LOQ) of 
0.025 μg L-1 for DMSO, seawater and E3 exposure medium and 0.05 μg L-1 for river Glatt 
water. Calculated tralopyril half-lives were 6.1 h for seawater, 8.1 h for river Glatt water 
and 7.4 h for E3 medium.  
 
 
 
 
 
 
 
 
 
 
Keywords: tralopyril, antifouling biocide, molluscicide, seawater samples, 
freshwater samples  
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 5.1 - Introduction 
 
 
Biofouling is a natural occurring process that typically results in the undesirable 
attachment and growth of living organisms (biofouling) on immersed surfaces. This may 
lead to i) the deterioration of diverse aquatic equipment and structures, ii) the increase of 
frictional drag between a ship hull and the water leading to increased fuel consumption 
and iii) the dissemination of invasive species through ship traffic. Antifouling systems 
(AFS) have been developed to prevent this phenomenon but the leaching of biocides from 
AFS into water has been responsible for deleterious impacts in the environment. 
Currently, it is required that emerging biocides maintain a good antifouling (AF) 
performance towards target organisms and, on the other hand, have a low environmental 
impact. Rapid transformation to less toxic products, a low tendency to bioaccumulate and 
a low toxicity to non-target organisms are desirable characteristics of environmentally 
friendly AF-biocides (IMO, 1999). 
 
Tralopyril (4-bromo-2-(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile) 
is an emerging AF-biocide marketed as a non-persistent and biodegradable substance. It 
is considered an ecologically safer alternative to former hazardous biocides used in AFS, 
such as tributyltin (Thomas and Brooks, 2010; Mert et al., 2014). It is used to control 
biofouling by barnacles, hydroids, mussels, oysters and polychaetes and it is the main 
active substance of the AFS ECONEA® (Janssen PMP, Belgium). Furthermore, this 
compound was recently accepted (April of 2014) for inclusion under the Biocidal Products 
Regulation (BPR, European Commission, 2002) as antifoulant, meaning that its use will 
most likely become widespread in Europe. Information available in the literature includes 
chemical properties, degradation half-lives (3 and 15 hours in seawater at 25 and 10 ˚C, 
respectively) and efficacy of AFS containing this active ingredient (Kempen, 2011). To our 
best knowledge, the only reports available on the toxicity of tralopyril regard effects on the 
larvae of the acorn barnacle Balanus amphitrite (Kempen, 2011), the marine bacteria 
Shewanella algae (Martín-Rodríguez et al., 2014) and few other marine invertebrate taxa 
(Oliveira et al., 2014). 
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The work presented aimed to develop a robust method for the quantification of 
tralopyril in aqueous samples not only to be used in the context of environmental 
monitoring (sea and riverine waters) but also in toxicity bioassays (in this case the E3 
medium for zebrafish embryo toxicity test, addressed elsewhere). Moreover, the Biocidal 
Products Committee requested further validation data regarding the levels of tralopyril in 
several ecological compartments namely, seawater, sediments, fish and shellfish (Biocidal 
Products Committee, 2014). Based on the ISO norm 15181-6 (ISO, 2012), we 
established, in a first trial, an HPLC-fluorescence method that allowed us to perform 
water-based tralopyril analyses with a limit of quantitation (LOQ) of 2 μg L-1. However, a 
previous study estimated that the average environmental tralopyril concentration expected 
for a seawater marina could be 0.4 μg L-1 (Oliveira et al., 2014), requiring a lower LOQ 
and thus a more sensitive analytical method. Other techniques, i.e. GC-MS and HPLC-
UV, were unsuccessfully tried for the quantification of this biocide (data not shown). The 
method described here uses, for the first time, negative ion LC-MS/MS to robustly 
determine tralopyril in water-based samples. 
  
 
 5.2 - Material and Methods 
 
 5.2.1 - Chemicals and solutions 
 
Tralopyril (PESTANAL®, analytical standard) and dimethyl sulfoxide (DMSO, 
>99.5% purity) were purchased from Sigma-Aldrich (Buchs, Switzerland). Acetonitrile and 
methanol HPLC gradient-grade purity was obtained from Acros or Fisher Scientific, 
nanopure water from Barnstead NANOpure (Skan, Allschwil, Switzerland) and the 25% 
aqueous ammonia solution from Merck (Darmstadt, Germany). The salts for the E3 
medium (NaCl, KCl, CaCl2·2H2O, MgSO4·7H2O and NaHCO3) were ordered from Sigma-
Aldrich.  
 
Stock solutions and DMSO standards were prepared by dissolving tralopyril in 
DMSO. The experimental solutions were obtained by diluting the stock solutions into the 
different media (seawater, river Glatt water and E3 medium). Both sea and river Glatt 
water were grab samples: the first was collected at Aveiro harbor, Portugal on the 14th of 
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October, 2015 (salinity ≈ 35 psu and pH = 7.8) and the river Glatt sample was collected in 
Dübendorf, Switzerland on the 2nd of November 2015 (pH = 8.1). The E3 medium (pH = 
8.6) is used for zebrafish embryo exposures and was prepared as follows: a 60 times 
concentrated stock solution containing 17.2 g NaCl, 0.76 g KCl, 2.9 g CaCl2·2H2O plus 4.9 
g MgCl2·6H2O was prepared in 1 L nanopure water. For the actual medium, 16.6 mL of 
this stock solution plus 9 mL of a 0.3 mM NaHCO3 solution have to be added to 1 L of 
nanopure water (ISO, 2007). 
 
 
 5.2.2 - Sample Preparation 
 
No sample preparation is needed since the method allows direct measurement of 
the target compound in the sample at environmentally relevant concentrations. Sample 
filtration is highly recommended in order to protect the HPLC column. Seawater and river 
Glatt water were filtered through a 0.45 μm disposable syringe filter (Macherey Nagel AG, 
Oensingen, Switzerland, Chromafil Xtra PTFE-45/25). There was no need for an internal 
standard, as tralopyril could be directly quantified using an external calibration, and 
because no ion suppression was observed in the water-based samples.  
 
 
 5.2.3 - Chromatography 
 
A sample volume of 40 μL was separated on a Waters XTerra reversed-phase 
column (2.1x100 mm, 3.5 μm particle size, Waters Schweiz, Baden-Dättwil, Switzerland) 
with the use of an Accela 600 HPLC pump fitted with an in-line degasser (Thermo 
Scientific, San Jose, USA), and a HTS PAL autosampler (CTC Analytics, Zwingen, 
Switzerland). Sample temperature was kept at 18 °C. 
 
Pre-mixed eluents were used for the gradient at a flow rate of 120 μL min-1: A 
(99% nanopure water, 1% acetonitrile, total of 0.1% NH3) and B (99% acetonitrile, 1% 
nanopure water, total of 0.1% NH3). Starting conditions were 100% A during 5 min 
followed by a linear gradient to 100% B in 15 min which was kept for 3 min. Initial 
conditions were reached in 3 minutes and the column re-equilibrated for another 4 min, 
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giving a total runtime of 30 min. The backpressure was < 150 bar at all times. Before and 
after each injection, the syringe and auto sampler valve were cleaned three times with 
nanopure water and methanol (1:1). 
 
  
 5.2.4 - Mass spectrometry 
 
Analytes eluting off the column were detected in negative ion mode using a TSQ 
Vantage triple quadrupole MS, fitted with a heated electrospray ion source (Thermo 
Scientific, San Jose, USA).  
 
The collision energy (CE) for collisional activation was optimized to yield highest 
intensity fragments of the monoisotopic precursor (m/z = 346.9). Source settings were as 
follows: needle voltage -2500 V, interface and vaporizer temperatures were 150 and 180 
°C, respectively, sheath gas 40, ion sweep gas 2 and aux gas 5. The resolution of Q1 was 
set to 0.4 and 0.7 FWHM for Q3. The scan width was set to 0.5 m/z and the scan time to 
0.05 sec.  
 
Full scan acquisition gave the exact same isotopic distribution for the deprotonated 
molecular ion as the simulation (Figure 5.1). Three transitions were monitored in multiple 
reaction monitoring (MRM) mode during the whole acquisition. The transition m/z 346.9 –
> 78.9 was used for quantitation (quantifier), since it was the most intense, and the 
transitions m/z 346.9 –> 131.0 and 346.9 –> 268.0 as qualifier signals (see Figure 5.2). To 
prevent unnecessary MS contamination, a divert valve switched from waste to MS after 2 
min and back to the waste after 26 min. 
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Figure 5.1 - Comparison of measured (top graph) and simulated (bottom graph) tralopyril isotope 
distribution of the deprotonated molecular ion. 
 
 
 
 
 
 
 
Figure 5.2 - Structure of the negatively charged tralopyril and most intense fragments generated, 
with the corresponding collision energy (CE) and the resulting sum formulas. 
 
Chapter 5 – LC-MS/MS determination of tralopyril in water samples 
 150 
 5.2.5 - Data processing and evaluation 
 
Peak areas were determined using XcaliburTM 2.2 software and manually adjusted 
before transferring to Excel, together with the retention times, for further processing. Blank 
values were obtained by measuring DMSO, sea and river water, and E3 medium. Blanks 
were subtracted from samples before quantitation. Tralopyril half-lives in the different 
media were calculated from fitted experimental data. 
 
 
 5.3 - Results and Discussion 
 
 5.3.1 - Mass spectrometry 
 
Tralopyril is a thermolabile compound, which deteriorates very rapidly. This is 
probably the reason why to date no GC- or LC-MS methods have been reported. The key 
element of the method presented here is that both the vaporizer and the capillary 
temperature were kept at relatively low temperature (150 °C for the vaporizer and 180 °C 
for the capillary). The chromatographic separation is reproducible with a retention time of 
14.9 min and a corresponding standard deviation of 0.12 (n = 128). To identify tralopyril, 
not only the retention time was checked but also the ratios of the areas between the 
quantifier (m/z 346.9 -> 78.9) and the two qualifier signals. An average ratio 
(quantifier/qualifier) of 2.2 ± 0.2 for the fragment of m/z 131.0 and 12.5 ± 1.6 for the 
fragment of m/z 268.0 were obtained (n = 87).  
 
 5.3.2 - Method performance 
 
This method was initially developed for the measurement of tralopyril in DMSO. 
The LOQ with a signal-to-noise ratio of 10 was 0.025 μg L-1 (Figure 5.3). The calibration 
curve showed to be linear over 4 orders of magnitude from LOQ up to 5’000 μg L-1. 
Moreover, a 5 μg L-1 solution in DMSO was measured 5 times consecutively to assess the 
repeatability of the measurements. The results showed a good repeatability for retention 
time (14.8 ± 0.09 min) and for the quantitative determination (4.8 ± 0.59 μg L-1).  
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Tralopyril calibration curves in the three different aqueous media were 
subsequently acquired and LOQs determined: 0.025 μg L-1 for seawater and E3 medium 
and 0.05 μg L-1 for river Glatt water. A comparison between tralopyril standards in DMSO 
and in the aqueous media showed a significant difference in the slope. DMSO displayed 
lower sensitivity possibly due to its viscosity that might have led to the observed ion 
suppression whilst the aqueous media showed similar responses in between them (Figure 
5.4). 
 
 
 
 
 
Figure 5.3 - Determination of the limit of quantitation in DMSO with a signal-to-noise ratio of 10 
(quantifier, top trace). 
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Figure 5.4 - Comparison of tralopyril calibration curves in the four different media tested. 
 
 
 
 5.3.3 - Degradation of tralopyril in aqueous solution 
 
 
Our data provides degradation rates for tralopyril in aqueous solutions, which is 
required to estimate the persistence of the compound in natural aquatic environments. In 
fact, persistence of tralopyril (together with bioaccumulation and toxicity) is an important 
criterion for identifying the hazard of this substance to human health and the environment. 
We found that tralopyril in DMSO was stable for at least seven days at room temperature, 
8 weeks at 4 °C and one year at -20 °C. As the substance is rapidly hydrolysed, the 
samples in artificial seawater, natural river water or E3 medium had to be freshly prepared 
before injections. A 5 μg L-1 standard in each of the three different media was used to 
determine the degradation of tralopyril over time at 18 °C (Figure 5.5). The sample was 
repeatedly injected over a time range of 13 to 16 hours. The measured tralopyril half-lives 
were 6.1 h for seawater, 8.1 h for river Glatt water and and 7.4 h for E3 medium. The 
value obtained for seawater is fairly in accordance with a previous study that reported a 
tralopyril half-life of 3 h at 25 °C and 15 h at 10 °C (Kempen, 2011). This fact also 
confirms the thermolabile nature of tralopyril (already addressed in section 3.1.), by 
showing that tralopyril is degraded faster with increasing temperature. Due to its fast 
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hydrolysis, tralopyril appears to be a promising AF-biocide with low persistence in the 
water. In comparison to other AF - biocides, tralopyril has a very short half-life in water. 
For example, the degradation half-lives of tributyltin (TBT) - one of the most used biocides 
in the history of AFS until its global ban in 2008 – were found to be in the range of 4 to 19 
days in seawater and from a few weeks to several months in fresh water (Seligman et al., 
1996). Likewise, Irgarol 1051, a well-known herbicidal additive used in copper-based AFS 
that is already restricted in some European countries (Thomas and Brooks, 2010) is also 
known to be quite resistant to hydrolysis, as well as to heat and biodegradation (Okamura 
and Sugiyama, 2004). Its reported half-life in seawater ranges from 100 to 350 days (Hall 
et al., 1999; Thomas and Brooks, 2010; Thomas et al., 2002) although in the presence of 
humic substances it degrades much faster (Okamura and Sugiyama, 2004). The present 
study reports the half-lives of tralopyril in three different aqueous media but further studies 
on tralopyril persistence should be performed in order to study the effect of light, pH, 
dissolved and suspended material, biodegradation, etc., and also to recognize possible 
persistence of toxic degradation products. For this reason and also because tralopyril was 
only included in the BPR since 2014 (BPC, 2014), it is still doubtful that environmental 
levels can already be measured. This is confirmed by the analysis of both sea and riverine 
water samples (Aveiro harbour, river Glatt) where no detectable tralopyril concentrations 
were found. Nevertheless, we plan to include tralopyril in further monitoring studies. 
 
 
 
Figure 5.5 - Degradation of tralopyril in seawater, river Glatt water and E3 medium. 
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 5.4 – Conclusions 
 
Our results show that the method described here is suitable to analyse tralopyril in 
DMSO, natural sea and riverine waters and E3 medium. Indeed, the major application of 
this method in the near future will be the analysis of environmental samples. Since 
tralopyril is already accepted under the Biocidal Products Regulation it is expected that its 
use may rise in Europe as a substitute for other AF-biocides that have been discontinued 
or banned. Therefore, the method described herein might be used in monitoring programs 
dedicated to the assessment of water quality. Furthermore, it will be an appropriate and 
much needed method for obtaining real exposure concentrations in ecotoxicological 
studies. 
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Tralopyril bioconcentration and its effects on the gill proteome of 
the Mediterranean mussel Mytilus galloprovincialis  
 
 
 Abstract 
 
 
Antifouling (AF) systems are used worldwide as one of the most cost-effective 
ways of protecting submerged structures against heavy biofouling. The emerging of 
environment-friendly AF biocides requires knowledge on their environmental fate and 
toxicity. In this study we measured the bioconcentration of the emerging AF biocide 
tralopyril (TP) in the Mediterranean mussel Mytilus galloprovincialis and investigated TP 
effects on the mussel gill proteome after acute (two days) and chronic (30 days) exposure, 
as well as after a 10-day depuration period. The experiments were carried out with 1 μg L-1 
TP; blanc and solvent (5x10-5 % DMSO) controls were included as well. Proteomics 
analysis was done by mass spectrometry-based multidimensional protein identification 
technology (MudPIT). Differentially expressed proteins were identified using a label-free 
approach based on spectral counts and G-test. Our results show that TP is rapidly 
accumulated in the whole mussel tissues at concentrations up to 362 ng/g dw, reaching 
the steady-state condition within 13 days. 10 days of depuration resulted in 80% 
elimination of accumulated TP from the organism, suggesting that a complete elimination 
could be reached with longer depuration times. In total, 46 proteins were found to be 
regulated in different exposure scenarios. Surprisingly, not only TP but also DMSO alone 
significantly modulated the protein expression in mussel gills after acute and chronic 
exposure. Proteins involved in bioenergetics, immune system, active efflux and oxidative 
stress were regulated by both compounds, often in the opposite way. Alterations of 
several proteins, notably several cytoskeletal ones, were still observed after the 
depuration period. These may reflect either the continuing chemical effect due to 
uncomplete elimination or an onset of recovery processes in the mussel gills. Our study 
shows that exposure of adult mussels to sublethal TP concentration results in the 
bioconcentration of this biocide in the tissues and modulates the expression of several 
proteins.  
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 6.1 - Introduction 
 
Antifouling (AF) systems are used to prevent biofouling, a natural phenomenon 
characterized by the attachment and growth of living organisms on submerged surfaces. 
Biofouling may lead to elevated economic losses not only due to the deterioration of 
submerged structures but also, in the case of vessels, to the increase of frictional drag 
resulting in the rise of fuel consumption, decrease of manoeuvrability and reduction of its 
operational time. Besides, biofouling has the potential to contribute to ecological problems 
as a consequence of the transport and dissemination of non-indigenous species (Dafforn 
et al., 2011). In turn, the leaching of biocides from AF systems has also been accountable 
for several adverse ecological impacts (Dafforn et al., 2011; Thomas and Brooks, 2010). 
Thus, a balance between effective AF properties and conservation of the environment is 
fairly hard to achieve.  Recently, new AF biocides claiming to be more environment-
friendly started to appear on the market. Tralopyril (TP; 4-bromo-2-(4-chlorophenyl)-5-
(trifluoromethyl)-1H-pyrrole-3-carbonitrile) is the main biocide in the non-metallic AF 
system ECONEA® (Janssen PMP, Belgium) used to control the incrustation of barnacles, 
hydroids, mussels, oysters and polychaetes (Thomas and Brooks, 2010). As TP was 
recently accepted for inclusion under the Biocide Products Regulation (BPR, Regulation 
EU No. 528/2012 (EU, 2012)) and thus considered an ecologically safer alternative to 
previously used hazardous biocides (Mert et al., 2014), its use is likely to become 
widespread in Europe. TP is thought to act as an uncoupler, ultimately affecting the ATP 
production (ECHA, 2014a). The exact mode of action of this compound is, however, not 
known since uncoupling refers to any energy-dissipating process that competes with 
routine mitochondrial functions, thus inducing a metabolically futile waste of energy 
(Wallace and Starkov, 2000). Substances classified as uncouplers were shown to have 
one of the highest toxicity among other groups of chemicals such as organophosphates, 
carbamates or nonpolar narcotic chemicals (Hoff et al., 2010; Raimondo et al., 2007). 
Despite these indications, few studies on the toxicity of TP have been performed, 
especially in non-target species (Kempen, 2011; Martin-Rodriguez et al., 2014; Oliveira et 
al., 2014). 
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Toxicity of emerging AF biocides is required to be very specific: high to target 
organisms and low to non-target ones. However, target organisms are sometimes hard to 
define and mussels are a perfect example of such dilemma. Especially during their larval 
stage, mussels can be considered as target organisms as they belong to the fouling 
community attaching onto underwater structures. On the other hand, in coastal rocky 
shores they can be seen as non-target key species, bearing an important commercial 
value as part of human diet. This conflict makes mussels one of the most interesting 
species to study. Moreover, their sessile and filter-feeding nature, plus the typically large 
and widely distributed population size make this species very attractive to biomonitoring 
and ecotoxicological studies. Besides, mussels are known to accumulate (and also 
tolerate) high concentrations of many organic and inorganic pollutants (Goldberg, 1975; 
Ogata et al., 2009) and for that reason are used in monitoring programs (commonly 
known as "Mussel Watch") to assess aquatic pollution (ICES, 2011).  
 
Our previous study comprised the TP effects in the target-phase of mussels, 
disclosing an acute EC50 of 3.1 μg L-1 on the abnormal development of its D-veliger larvae 
that demonstrates the effectiveness of this biocide in the protection against fouling by 
mussel larvae (Oliveira et al., 2014). The same study predicted a maximum environmental 
concentration of 0.7 μg L-1 in a seawater marina. In the present study we focused on the 
non-target mussel adult stage and assessed the effects of exposure to sublethal TP 
concentrations close to those possibly occurring in a marina. Due to the high sensitivity of 
proteomic studies and because gills have a protective function as a first physical barrier 
against toxic contaminants present in the water, the chose to evaluate the TP effects by 
looking at the alterations in the mussel gill proteome. Environmental proteomics aims to 
identify protein variations induced by xenobiotics or any other biotic or abiotic factors in 
order to identify proteins that respond to these stressors (Campos et al., 2012; Nesatyy 
and Suter, 2008; Shepard et al., 2000). Although the molecular mechanisms underlying a 
toxic exposure are not totally understood, proteomics may still provide new insights into 
the mechanism of action of a certain compound (Monsinjon and Knigge, 2007). 
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In the present study we assessed TP bioconcentration in the whole mussel tissues 
and applied a Multidimensional Protein Identification Technology (MudPIT; Washburn et 
al, 2001) to inspect the TP-induced changes on the gill proteome of the adult 
Mediterranean mussel, Mytilus galloprovincialis.  Proteomics analysis was performed for 
three different exposure scenarios: (i) after two days of exposure (T2; acute exposure) (ii) 
after thirty days of exposure (T30; chronic exposure) and (iii) after ten days of depuration 
that followed thirty days of exposure (T40; recovery).   
 
 
 6.2 - Material and Methods 
 6.2.1 - Chemicals  
 
TP (PESTANAL®, analytical standard, Fluka), dimethyl sulfoxide (DMSO, > 
99.5 % purity), tris(2-carboxyethyl)-phosphine hydrochloride (TCEP), iodoacetamide 
(IAA), CHAPS, and Protease Inhibitor Cocktail were purchased from Sigma–Aldrich 
(Switzerland). Trypsin (sequencing grade) was obtained from Roche Applied Science and 
the dye reagent for the Bradford test from Bio-Rad. Other conventional chemicals were 
either from Sigma–Aldrich or Fluka (Switzerland). HPLC grade solvents were either from 
Acros Organics (Belgium) or Rathburns (Sigma-Aldrich, Germany).  
 
 6.2.2 - Experimental procedure  
 
M. galloprovincialis specimens 40-50 mm long were collected from the intertidal 
shores of a pristine site in the outer part of Ria de Vigo (NW Iberian coast, Spain) in 
February 2011 and acclimated in the laboratory for 7 days.  
A TP stock solution was prepared by diluting the compound in DMSO, divided into 
5 aliquots and kept at -20 °C until use. One aliquot was defrosted each week and kept at 
4 °C to prepare the exposure solution in filtered natural seawater (FSW; 1 µm pore size 
Betafine XL 19PP010DG Filter Cartridge) collected at a pristine site from the local coast of 
Spain. In recent years, low levels of pollutants (Cu, Zn, Pb, Cd, PAHs and PCBs) have 
been measured in mussel tissue collected from this site (control site (V0) in Vidal-Liñán et 
al., 2010). Although the use of FSW simplifies the protocol and simulates the natural 
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conditions, its important disadvantage is the limited replication of results as seawater 
composition may vary geographically and temporally. Mussels were exposed to solvent 
control (5x10-5 % DMSO; this treatment is hereafter abbreviated as DMSO) or TP (1 μg L-
1; hereafter abbreviated as TP) during 30 days and then transferred to clean FSW for 
depuration over 10 days. Clean FSW controls were also run in parallel (this treatment is 
hereafter abbreviated as CTRL). The experiment was performed in 30 L glass tanks in 
darkness, continuously aerated (0.20 µm pore size filters Midisart® 2000, Sartorius) and at 
a constant temperature of 16 °C. The ratio of one animal per 1.5 L of seawater was 
constantly maintained. Mussels were fed three times per week for one hour with a mixed 
diet of Isochrysis galbana, Tetraselmis suecica and Chaetoceros gracilis. Due to TP’s 
short half-life (Kempen 2011; Oliveira et al., 2016), the exposure was performed under 
semi-static conditions where a complete water exchange and the addition of a new 
chemical dose (DMSO or TP) was done daily. Water exchange was always performed two 
hours after feeding to ensure not only sufficient time for filter-feeding but also that no 
algae were present that could interfere with the freshly spiked compound. This schedule 
was maintained throughout the 40 days of the experiment. 
To assess the TP content in the exposure aquaria, water samples were collected 
within one water exchange cycle (24 h) on 3 different days: approximately one L of water 
was collected at 0 (immediately after the compound spiking), 0.5, 1, 2, 3, 6, 9, 12, 18 and 
24 h, spiked with atrazine-d5 (used as internal standard) and frozen at - 20 °C. For easier 
transportation, water samples were thawed and extracted as follows: each HLB solid 
phase extraction cartridge (Waters, Sweden) was conditioned with 2 ml methanol followed 
by 4 ml Milli-Q water (18 MΩ·cm). The sample was then applied and the cartridge was 
dried under vacuum, wrapped in aluminum foil and frozen at - 20 °C until chemical 
analysis.  
Samples of 10 animals from the CTRL, DMSO and TP treatments were collected 
at the beginning of the experiment (T0), after 2 (T2), 5 (T5), 9 (T9), 15 (T15), 20 (T20) and 
30 (T30) days of exposure and after 10 days of depuration (T40). For each treatment, the 
gills from 4 animals were individually excised, immediately frozen in Eppendorf tubes 
using liquid nitrogen and kept at - 80 °C until proteomic analysis. The whole tissues of the 
other 6 animals (without shells) were pooled, frozen, freeze-dried and kept frozen in glass 
vials at - 20 °C until chemical analysis. 
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 6.2.3 - TP chemical analysis 
 
 Water samples were eluted from the HLB cartridges with two ml of hexane plus 4 
ml of ethyl acetate, evaporated to about one ml using a TurboVap (Zymark, USA, 40 °C) 
and analyzed by LC-MS/MS (UPLC-Quattro Premier XE, Waters, Sweden).  
For the mussel samples, about one g of lyophilized mussel tissue was extracted 
with ethyl acetate (~15 ml), shaken for 30 min and centrifuged for 10 min. The procedure 
was repeated with the shaking time decreased to 10 min. Both extracts were combined, 
concentrated to one ml using a TurboVap and filtered with a 0.45 μm filtre (Teknolab, 
Oslo, Norway). Extracts were cleaned up by gel permeation chromatography (GPC). GPC 
was carried out on an Alliance 2695 system (Waters, Milford MA, USA) with two 
sequential Envirogel GPC clean-up columns (19 x 300 mm and 19 x 150 mm) and 
dichloromethane as a mobile phase at a flow rate of 5 ml/min.  The 12.35 – 20.3 min 
fraction was collected. The extract was evaporated to near dryness and solvent 
exchanged for methanol/water. TP was measured by a LC-MS/MS method established 
previously (Oliveira et al, 2016). Briefly, the mass spectrometer was operated in negative 
ion mode and two transitions were monitored in multiple reaction monitoring. The 
transitions 348.9 → 80.7 and 346.9 → 78.7 were used for quantification and qualification, 
respectively. The internal standard, atrazine-d5, was determined in positive mode (m/z 
221.2 → 179.1). The detection limit was 0.05 ng L-1 in water and 1 ng/g dry weight (dw) in 
mussels. 
 
 
 6.2.4 - Modelling TP bioconcentration  
 
One-compartment models were chosen to describe and predict internal 
concentrations of TP in the whole mussel as well as to determine its empirical uptake and 
elimination constant rates. This approach assumes that a chemical, which enters an 
organism, is distributed instantaneously and equally. This concept can be described with 
the following equation (Landrum et al., 1992; Stadnicka et al., 2012): 
 
    (eq. 1) 
 
(t)Ck(t)Ck(t)C
dt
d
intoutwinint ×-×=
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where Cint(t) is the internal chemical concentration (amount × mass-1), Cw(t) is the 
chemical concentration in the water (amount × volume-1), kin is the uptake rate constant 
(volume × mass-1 × time-1) and kout is the elimination rate constant (time-1).  
 The time to steady-state condition was obtained using the equation: −ln(0.05)/kout. 
Empirical uptake and elimination constant rates for TP were determined by calibrating 
respective parameters from eq. 1 based on measured data of TP concentrations in water 
and mussel over time, obtained in this study. 
 Measured internal concentrations of TP were compared with predicted values 
obtained by using a simple one-compartment toxicokinetic model (Hendriks et al., 2001). 
This approach describes the accumulation kinetics of organic chemicals as a function of 
the octanol-water partition coefficient, as well as the weight, lipid content and trophic level 
of the species. It was applied with the following model inputs: TP half-life in water: 6.1h 
(Oliveira et al., 2016); TP pKa: 7.08 (ECHA, 2014a); water pH: 8.1 (this study); TP 
corrected log Kow: 3.54 (calculated based on pH and pKa); organism lipid content: 4.94% 
(from 24.7% of dry weight; Prato et al., 2010); organism water content = 20% (Sousa et 
al., 2009); mussel wet weight: 0.49 g (Sievers et al., 2013). All models were implemented 
and solved using ModelMaker (version 4.0, Cherwell Scientific Ltd., Oxford, UK). 
 
 
 6.2.5 - Multidimensional Protein Identification Technology (MudPIT) 
 
For the protein extraction, the gills of three mussels were pooled, placed in the 
lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2% Triton X-100, 0.1 M Tris–HCl, 19 
Protease Inhibitor Cocktail, pH 8) and homogenized with a grinder. The mixture was then 
sonicated on ice with three successive 10 s bursts (30 s pauses) and centrifuged at 
13’000 rpm for 60 min at 4 °C. The supernatant was transferred to a clean tube and again 
centrifuged at 13’000rpm for 60 min at 4 ºC. The two latter steps were repeated two more 
times. Subsequently, the proteins were precipitated from the supernatant using a 
conventional methanol/chloroform method. The pellet formed after the precipitation was 
air-dried for 5 min and redissolved in resolubilization buffer (9 M urea, 2 M thiourea, 0.1 M 
Tris–HCl, pH 8.5). To improve the solubility the pellet was wetted with 0.2 M NaOH before 
adding the resolubilization buffer. The protein concentration was measured by the 
Bradford method. To prepare the tryptic digests, 100 μg of proteins were reduced with 
TCEP, alkylated (carbox-amidomethylated) with IAA, and digested with trypsin at a ratio of 
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100:1 during incubation overnight (14 to 16 h) at 37 °C with shaking. The reaction was 
quenched by adding formic acid, filtered (0.45 μm, Durapore PVDF, Merck Millipore) and 
placed into glass vials. The peptide mixture was loaded onto the nano-HPLC device 
(Ultimate 3000, Dionex), by first trapping it on a commercial C18 column (Dionex, 5 mm, 
300 μm ID, 5 μm, 100 Å, C18 Acclaim PepMap 100), then eluting it onto an in-house filled 
SCX collumn (Macherey Nagel AG, 3.5 cm, 100 μm ID, 5 μm, Nucleosil 100-5 SA), 
followed by an analytical in-house filled C18 column (Macherey Nagel AG, Switzerland; 
4.5 cm, 100 μm ID, 3 μm, 100 A, Nucleodur C18 Pyramid) linked in series. A 25 μm ID 
fused silica linked the SCX to the analytical column. Both in-house built columns were 
made from fused silica tubing (100μm ID, 363μm OD, BGB Analytik AG, Switzerland). 
The SCX was closed with a frit and pressure filled, while the analytical column was pulled 
to a needle using a needle puller (Sutter Instrument Co., Model P-2000, Science Products 
AG, Basel) before pressure filling. The SCX and analytical column were replaced after 
three analytical runs. The sample was directly sprayed from the analytical column into the 
LTQ-Orbitrap XL (Thermo Scientific, Bremen, Germany). The instrument was calibrated 
using a mixture from Thermo Scientific (CalMix, pos. ProteoMass LTQ/FT Hybrid, 
Supelco), tuned on the doubly charged angiotensin molecule (m/z=648.846) and operated 
at 1.2 kV spray voltage in positive ion mode with the tube lens set to 135 V and the ion 
transfer capillary temperature to 200 °C. Peptides were sequentially eluted from the SCX 
resin to the reverse phase resin by a fully automated standard 11-step MudPIT protocol 
with increasing salt concentration, followed by an organic gradient (Groh et al., 2011). 
One full scan FT mass spectrum (300–1,600 m/z, resolution of 60’000) was run in parallel 
to seven data-dependent MS/MS scans acquired in the linear ion trap with normalized 
collision energy (setting of 35%). Precursor ions for MS/MS analysis were selected scan-
dependently with dynamic exclusion set to 60 s and minimal signal intensity of the 
protonated molecular ion to 103 counts. Mass spectrometer scan functions and HPLC 
solvent gradients were controlled by the Xcalibur data system (Thermo Scientific). Two 
technical replicates of each sample were performed.  
 
 
 6.2.6 - Analysis of LC-MS/MS data 
 
Scripts developed in-house were used to generate peak lists by converting the raw 
data files into MASCOT generic format files (mgf). The data generated was searched for 
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peptide hits using the Open Mass Spectrometry Search Algorithm (OMSSA; Geer et al., 
2004) against an in-house curated protein database containing the available protein 
sequences for M. galloprovincialis downloaded from NCBI on October 21, 2013. 
Redundant protein entries were partially removed by the software CD-HIT (Li and Godzik, 
2006) with the threshold set to 0.95. The database was supplemented with the sequences 
of common contaminants that could originate from sample processing, such as highly 
abundant human proteins (e.g. keratins) and trypsin. Equal numbers of randomized 
sequences produced by the decoy.pl PERL script freely available from MASCOT (Matrix 
Sciences, Boston, MA, USA) were also added to the database for calculating false 
discovery rates (FDR) based on the target-decoy database approach (Käll et al., 2008). 
During database search carbamidomethyl-cysteine was set as fixed modification while 
protein N-terminal acetylation, oxidation of methionine, deamidation of asparagine and 
glutamine and peptide N-terminal formation of pyroglutamic acid were set as variable 
modifications. Tryptic specificity was set to a maximum of two missed cleavages. The 
charge of precursors to be searched was +2 and +3, and minimum precursor charge to 
start considering multiply charged products was set to +2. Only discrete hits with FDR less 
than 1% were considered for further analysis. Label-free protein quantitation was 
performed using spectral counts for observed peptide hits. In this analysis the data from 
the two technical replicates were combined and analyzed by G-test (Zhang et al., 2006).  
For each protein and for all experimental conditions the normalized spectral abundance 
factor was determined (NSAFs; Zybailov et al., 2006). The protein fold changes were 
estimated by dividing this value in the exposure conditions by the corresponding value in 
the control condition. Subsequently, count tables were created for the three different 
samples (CTRL, DMSO and TP) at the three time points (T2, T30 and T40). Proteins that 
did not have at least twenty counts in at least one of the conditions were removed from 
the final list. 
 
A principal component analysis (PCA) was performed on the NSAFs from the 9 
individual samples, using Mayday software (Battke et al., 2010). PCA reduces the large 
number of dimensions of a dataset describing data as linear combinations (principal 
components) of so-called scores and loadings that give a simplified and succinct 
description of the dataset variance (Verhoeckx et al., 2004). 
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 6.3 - Results 
 
The response of the Mediterranean mussel M. galloprovincialis to mechanical 
stimuli during the daily water exchange procedure appeared to be normal throughout the 
experiment duration. No malformations were observed at the different collection times and 
no mortality was recorded during the 30 days of exposure or the 10 days of depuration in 
any of the treatments. 
 
 
 6.3.1 - TP content in water and mussel tissues  
 
Since TP has a half-life of 6.1 h (Oliveira et al., 2016) and seawater spiked with TP 
was exchanged everyday, the theoretical TP concentration in water, throughout the 
exposure time, is expected to follow the pattern presented in  
Figure 6.1 A. However, the initial concentration measured after the spiking varied 
considerably and was always lower than the nominal concentration of 1 μg L-1 ( 
Figure 6.1 B). 
 
 
 
 
Figure 6.1 - Tralopyril (TP) content in exposure water: A. estimation for the whole experiment 
based on the 1 μg L-1 dosed concentration and TP half-life of 6.1 h (Oliveira et al., 2016); B. 
measured by LC-MS/MS at different time points (starting right after spiking) within one water 
exchange cycle (24 h). The experiment was repeated on three different days and values are 
presented as mean ± SD. 
 
 
 
TP content was also measured in mussel tissues from all samples. Tissue 
samples from CTRL and DMSO treatments at all time points as well as those sampled 
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from the TP treatment at the beginning of the experiment (T0) were below the detection 
limit for TP (except for DMSO T5 where 6.4 ng/g dw of TP was measured, possibly due to 
a contamination during the sample collection). To the values measured in the TP-treated 
mussels, a simple one-compartment model was fitted (Figure 6.2 A). According to the 
model, the uptake and elimination rates were 246 L·(kg dw·day)-1 and 0.23 day-1, 
respectively. TP could already be detected in mussel tissues after 2 days of exposure (T2; 
158.8 ng/g dw) and accumulated rapidly until 13 days where it seems to have reached a 
plateau. After 10 days of depuration in clean seawater, TP content was reduced by 80 % 
but remained measurable (T40; 74.6 ng/g dw).  
 
 
The predicted bioconcentration of TP in mussels (Figure 6.2 B) was very similar to 
measured values (Figure 6.2 A) however two major differences were noted: the 
depuration process observed was much slower than the modeled and the experimental 
time to steady-state took longer to be reached. According to this mechanistic toxicokinetic 
model (Figure 6.2 B), depuration should have occurred less than 5 days after putting the 
mussels in clean seawater and time to steady-state conditions should have been reached 
already within 3 days, which did not happened. 
 
 
 
 
Figure 6.2 - Tralopyril (TP) content in mussel tissues: fitted (B) and predicted (C) by using one-
compartment toxicokinetic models. Pluses (+) represent measured internal TP concentrations and 
black lines are model simulations. 
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 6.3.2 - Effects of exposure on mussel gill proteome 
 
Differential proteomics studies usually focus on comparison of two proteomes, 
control vs. exposed. Here, changes in the protein expression in mussel gills after 
exposure to solvent control (DMSO) or to 1 μg L-1 TP were investigated; solvent control 
had to be included in the experiment due to low solubility of TP in water. Protein 
expression profiles for each of the three applied treatments (CTRL, DMSO and TP) were 
assessed at three different times of exposure: T2 (after acute exposure), T30 (after 
chronic exposure) and T40 (after depuration period). At each time point, protein 
expression was compared for the following treatment pairs: DMSO vs. CTRL, TP vs. 
CTRL and TP vs. DMSO. In this way, comparing DMSO to CTRL would provide 
information on the effects of exposure to DMSO alone, while comparing TP to DMSO 
treatment would give an indication of additional TP-only effects. Such an approach has 
already been used in other studies that compared the tested compound to the solvent 
control instead of comparing to water controls only, in order to better understand specific 
effects of the chemical itself (Kamel et al., 2012; Lacaze et al., 2015). When comparing 
TP to CTRL, one must keep in mind that the changes observed would correspond to the 
effects of the mixture of both TP and DMSO. This mixture might behave in a complex and 
rather different way than just the sum of effects provoked by TP or DMSO individually.  
An average of 298 ± 116, 292 ± 105 and 275 ± 82 unique protein sequences were 
identified at three time points for CTRL, DMSO and TP treatments, respectively. 46 
proteins across the three treatments and three time points were found to fulfil the criteria 
of G-Test significance (p<0.01) and to have more than 20 counts in at least one of the 
conditions (Figure 6.3).  
 
Exposure not only to TP, but also to DMSO alone, affected cytoskeleton and 
chromatin structural proteins, as well as proteins involved in oxidative and general stress 
defence, immune response, active efflux, electron transfer, glycolysis, gluconeogenesis, 
apoptosis and steroidogenesis (Figure 6.3). The observed effects of DMSO on the mussel 
gill proteome were quite surprising, since several earlier studies had reported no 
significant effects of this solvent on the protein expression in mussel tissues. For example, 
no significant effects were detected in the protein expression profiles of mussel 
hepatopancreas exposed to 0.002% DMSO (Ji et al., 2014) and in mussel gills exposed to 
0.002%DMSO (Ji et al., 2013) or 0.005% DMSO (Maria et al., 2013). In our study, despite 
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the even lower DMSO concentration used (5x10-5%), the differences between water 
control and solvent control cannot be disregarded. 
 
 
 
Figure 6.3 - Protein regulation in Mytilus galloprovincialis gills in response to 5x10-5% DMSO 
(DMSO vs. CTRL), 1 μg L-1 tralopyril (TP vs. DMSO) and mixture of DMSO and TP (TP vs. CTRL) 
at three time points: T2 (after two days of exposure, acute) T30 (after 30 days of exposure, 
chronic) and T40 (after 10 days of depuration following 30 days of exposure). Please note that only 
the proteins marked with * are significantly regulated (p<0.01). Non-significant regulations were 
included in order to have a global picture of regulation trends. 
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Gluconeogenesis phosphoenolpyruvate carboxykinase * * *
ATP-binding cassette sub-family G member 2-like * * * * * *
ABCB/P-glycoprotein-like protein * * * * *
caspase 2 *
putative caspase 3 * *
caspase 3/7-2 * * * *
mytilin B antimicrobial peptide precursor *
NF-kappaB transcription factor Rel * * *
myeloid differentiation factor 88a * * * * *
toll-like receptor f precursor * * * *
lectin * *
C1q-domain-containing protein * * * * *
putative C1q domain containing protein MgC1q4 * *
putative C1q domain containing protein MgC1q5 * * *
putative C1q domain containing protein MgC1q6 * * *
putative C1q domain containing protein MgC1q8 * * * * * * *
putative C1q domain containing protein MgC1q11 * * * * * * *
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glutathione S-transferase GSTpi1 * * * * *
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CuZn superoxide dismutase * * * *
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From the three time points tested (T2, T30 and T40), the highest number of 
significantly regulated proteins was observed after acute exposure (T2). Within T2, the 
highest number of significantly regulated proteins was found in response to TP alone (TP 
vs. DMSO). Protein upregulation was the most frequent answer to TP alone while DMSO 
(DMSO vs. CTRL) produced more protein downregulations (Figure 6.4); the proteins 
commonly regulated by both compounds often answered in the opposite ways (Figure 
6.3). Compared to acute one, chronic exposure resulted in far less proteome changes 
(Figure 6.3 and Figure 6.4). Similarly to what was observed at T2, protein upregulation 
was most frequent in response to TP alone while downregulation was associated with 
exposure to DMSO (Figure 6.4). A number of proteome changes were still observed after 
10 days of depuration in clean water (T40) and their extent was comparable to that after 
chronic exposure. However, opposing trends induced by DMSO and TP treatments were 
not observed anymore (Figure 6.3 and Figure 6.4). 
 
 
 
 
Figure 6.4 - Percentage of up- and downregulated proteins in relation to the total number of 
significantly regulated  (G-test, p<0.01) proteins within each comparison pair (DMSO vs. CTRL, TP 
vs. CTRL and TP vs. DMSO) at each time point (T2, T30 and T40). Abbreviations are the same as 
in Figure 6.3. 
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 6.3.3 - Principal component analysis  
 
PCA was performed on NSAFs from 9 individual samples (CTRL, DMSO and TP 
at T2, T30 and T40). NSAFs indicate the relative proportion of each protein among all 
detected in particular proteomic analysis. The first three components were considered for 
data classification as they explained most of the data variability: the first principal 
component (PC1) accounts for 35% of the data variability and the next two components, 
PC2 and PC3, explain 19 and 13 % of the remaining variability, respectively. Strikingly, 
the first PCA plot (PC2 against PC1; Figure 6.5 A) suggested that protein expression 
patterns cluster more according to time points than to chemicals, as samples from three 
different treatments clustered together within each time point. Consequently, the variability 
observed between the 9 conditions is mostly explained by the time of sampling and less 
so by different chemical treatments.  
Two further hints can be obtained from the second PCA plot (PC3 against PC1; 
Figure 6.5 B): the first is that depuration indeed leads to a reduction of DMSO and TP 
effects as all treatments from T40 cluster clearly apart from those at the other two time 
points. The second is that for T2 and T30 samples, a more chemical-dependent clustering 
can be observed. Both T2 and T30 controls are located close together with T30 DMSO, 
the latter probably due to the mussel’s adaptation to chronic DMSO exposure. On the 
other hand, the two TP-exposed samples (T2 TP and T30 TP) and T2 DMSO are 
positioned farther apart from respective controls, supporting the chemical-dependent 
clustering that differentiates these samples from all the others.  
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Figure 6.5 - Principal component analysis performed with the normalized spectral abundance 
factors (NSAFs) from each treatment (CTRL, DMSO and TP) at the three different time points (T2, 
T30 and T40). Abbreviations are the same as in Figure 6.3. 
  
 6.4 - Discussion 
 
Several mussel species including M. galloprovincialis have been extensively used 
in ecotoxicology and in monitoring studies to assess the effects of contaminants in the 
aquatic ecosystems. In the last decade the number of studies trying to use proteomics for 
risk assessment, biomonitoring and discovery of specific biomarkers of exposure in 
mussels has been rising steadily (Gomes et al., 2013; Magi et al., 2008; Tomanek, 2014). 
The goal of our study was to investigate the changes in the protein expression in the gills 
of mussels exposed to the emergent AF biocide TP in order to better understand its 
effects and toxicity. Moreover, the discovery of sensitive responders would allow getting 
early warnings of TP presence in the environment. 
 
 6.4.1 - TP bioconcentration 
 
The exposure concentration for our experiments was chosen as being sublethal 
and environmentally relevant. In an earlier study, we predicted the TP environmental 
concentrations in a saltwater marina (PEC; 0.7 μg L-1) and calculated the EC50 of 3.1 μg L-
1 for causing the abnormal development in the mussel’s D-veliger larvae (Oliveira et al., 
2014). The 1 μg L-1 concentration chosen here is less than half of the estimated EC50 and 
relatively close to the PEC to be considered as an environmental relevant concentration.  
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Despite the short half-life of TP in water (Kempen, 2011, Oliveira et al., 2016), this 
compound accumulated quickly in the mussel tissues (Section 3.1, Fig 2) reaching the 
equilibrium within 13 days. TP bioconcentration in mussels during the uptake phase was 
very well described (Fig. 2A) and predicted (Fig. 2B) by the one-compartment toxicokinetic 
model. Our study confirms the potential of TP to bioconcentrate in the aquatic organisms, 
also predicted by the high logKow of TP (predicted: 4.7; corrected based on pKa and water 
pH: 3.54). According to the European Chemical Agency (ECHA), logKOW ≥ 3 indicates a 
high bioconcentration potential and requires further assessment (ECHA, 2014b; Schäfer 
et al., 2015).  However, opposite to the predictions, 10 days of depuration were not 
sufficient to entirely eliminate the bioconcentrated compound. The difference between 
measured and predicted elimination of TP may result from an inaccuracy of mussel wet 
weight which was taken from the literature to be used in the model. This value may 
influence the time to steady-state conditions but usually it does not interfere with the 
chemical bioconcentration at the steady-state conditions (Stadnicka et al. 2012). That is in 
agreement with our predictions presented in Figure 6.2 B, according to which, the 
modelled time to steady-state was much shorter than that obtained empirically but the 
internal concentrations measured and modelled at steady-state conditions were similar. 
Nevertheless, the lower internal TP concentration at T40 points towards the possibility of 
complete elimination with longer time in clean water. Based on the calculated elimination 
rate, less than 5% of TP accumulated in mussels during the uptake phase should remain 
in the organism after 14 days of the depuration. Overall, internal TP concentrations 
measured in our study indicate that the observed effects are due to the actual TP 
exposure and accumulation in mussels.  
 
 6.4.2 - Effects of exposure on mussel gill proteome 
 
For TP, like for many other emerging contaminants, information is lacking on 
several aspects of its toxicity including effects of exposure and exact mode of action. Due 
to similarities to its parent compound – chlorfenapyr – it is thought that TP might dissipate 
the proton gradient necessary for the ATP production as it may transport the protons back 
into the mitochondrial inner matrix (ECHA, 2014a).  
Due to the low solubility of TP in water, DMSO had to be used as solvent. 
Surprisingly, we found that DMSO alone significantly altered protein expression in mussel 
gills. DMSO has been described as an intercellular electrical uncoupler (Santos et al., 
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2003) causing membrane loosening, pore formation and bilayer collapse (de Ménorval et 
al., 2012; Notman et al., 2006; Sum and de Pablo, 2003). These effects can enhance 
permeability of molecules through lipid membranes. DMSO may also change protein 
properties in solution, leading not only to protein denaturation, aggregation or degradation 
but also to altered protein binding properties (Tjernberg et al., 2006). Besides, exposure to 
DMSO has been linked to an effective uncoupling of oxidative phosphorylation in rat liver 
mitochondria (Mhatre1983) and to other significant alterations in gene expression, protein 
content and functionality of different kinds of cells (Pal et al., 2012). Although so many 
effects have been described as a result of DMSO exposure, we did not expect that 
concentrations as low as used in this study would still cause significant proteome changes 
in the mussel gills. Interestingly, DMSO and TP were often found to affect the same 
proteins, therefore we hypothesized that both compounds might have similar modes of 
action.  
 
 
 6.4.2.1 - Acute exposure 
 
Cytoskeleton 
In global proteomics analysis, the modulation of cytoskeletal proteins is one of the 
most frequently detected effects, probably due to their extremely high abundance in the 
organisms. These proteins were already described to respond to adverse conditions 
(Tomanek, 2014; Zhang et al., 2015), including exposure to xenobiotics in several 
organisms (Binelli et al., 2013; Gomes et al., 2013). Not surprisingly, they were also 
regulated by TP and DMSO exposure. Recently it has been suggested that most of these 
changes are responsive to the stress level rather than to specific stressors (Groh and 
Suter, 2015; Miao et al., 2015). Our data seems to be in accordance with this statement 
since at T2, together with the regulation of cytoskeleton proteins, an upregulation of 
general and oxidative stress related proteins was also observed. For TP, the initial assault 
led to the upregulation of myosin heavy chain (2.9), paramyosin (2.1) and ras-partial. 
Myosin and paramyosin are involved in motility and contractile functions without 
expending too much energy (Watabe et al., 2000; Yamada et al., 2000). However, the 
overexpression of ras-partial (fold induction of 33.5) has been linked to altered 
proliferation and/or differentiation giving rise to neoplastic processes (Di et al., 2011; 
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Santos and Nebreda, 1989). On the other hand, exposure to DMSO alone caused a 
downregulation of the mentioned proteins. Only α-tubulin, involved in cell transport, 
motility, division and intracellular positioning of organelles (Apraiz et al., 2006; Yang et al., 
2010) was found to be upregulated by this treatment. Membrane disorders reported to 
occur after the DMSO exposure, making it floppier and leading to the formation of pores, 
may have caused the upregulation of this protein after acute exposure. In fact, we believe 
that disrupted membranes are most probably the cause for many of the effects evoked by 
DMSO exposure. 
Electron Transport Chain 
The coupling reaction between the electron transport chain (ETC) and oxidative 
phosphorylation (OxPhos) occurs due to the proton gradient generated across the inner 
mitochondrial membrane required for ATP synthesis. Cytochrome c oxidase (COX), also 
known as complex IV, is the terminal component of the electron transport chain. This 
transmembrane protein complex catalyzes the reduction of molecular oxygen to water, 
using the free energy from the reaction to pump the protons across the membrane 
generating the proton gradient (Malatesta et al., 1995). Whilst subunits I and II of COX 
have all the required components to complete its function, the role of subunit III remains 
unclear, however, it is known that it provides additional stability to the enzymatic activity 
especially at high pH (Sharma et al., 2015). In our study, DMSO induced a 14-fold 
upregulation of the subunit III while the subunit I and II were strongly downregulated. TP 
upregulated subunit II, while subunit III was downregulated and subunit I was even not 
detected. Cells are thought to regulate the COX activity levels in response to changes in 
energy demands (Ciocan et al., 2012). Some recent proteomic studies have suggested 
that the abundance, composition or post-translational modifications of both complex I and 
III of the ETC are potential regulatory sites for overall COX activity (reviewed in Tomanek, 
2015). Our observations support this observation. 
Energy metabolism 
Energy metabolism plays an essential role not only in the organism survival but 
also on its stress adaptation and tolerance. Therefore, maintaining the energy levels is an 
important strategy to cope with toxic stress (Sokolova, 2013; Zhou et al., 2010). For 
example, fructose bisphosphate aldolase catalyses a key reaction in glycolysis that 
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normally leads to a net energy production. This enzyme was found to be significantly 
downregulated by DMSO and upregulated by TP. The same was observed for 
phosphoenolpyruvate carboxykinase, involved in gluconeogenesis. While glycolysis uses 
glucose to generate ATP, gluconeogenesis represents almost the opposite pathway. 
Under normal conditions, a specialized enzymatic control ensures that both pathways are 
not active at the same time (Berg et al., 2002). However, under pathological conditions or 
when there is a huge demand for energy, this control may be lost, resulting in their 
simultaneous activation (Berg et al., 2002). This seems to be the case after acute 
exposure to TP, where the expression of both proteins was upregulated. In the case of 
DMSO the downregulation of fructose bisphosphate aldolase may be attributed to the lack 
of sufficient ATP resources needed in the first steps of glycolysis (Ramos-Martínez et al., 
1993). 
Oxidative stress defense and active efflux 
A similarly contrasting response to TP and DMSO was observed in relation to the 
oxidative stress defense: depressed by DMSO, it was enhanced by TP. The upregulation 
of the oxidative stress defense is one of the most common answers observed in response 
to a wide range of stressors including chemical exposure (Rodriguez-Ortega et al., 2003; 
Tomanek, 2015; Groh and Suter, 2015). It is thought that uncouplers may enhance ROS 
production when impairing the coupling between ETC and OxPhos (Shabalina and 
Nedergaard, 2011). Effectively, TP induced the upregulation of superoxide dismutase 
(SOD) and the intermembrane CuZn SOD as a first line of defense that converts the 
superoxide anion to H2O2. Glutathione S-transferases (GSTs) represent one of the most 
frequently detected phase II enzymes associated with detoxification reactions that 
increase the metabolites solubility to facilitate their excretion. From all the major classes in 
the GST family, only the GSTpi1 was found to be upregulated by acute TP exposure. On 
the other hand, DMSO exposure caused a depletion of the antioxidant protective 
mechanism reflected in the downregulation of GSTpi1 and thioredoxin I.  
A third phase of the oxidative stress defense has been described as involving the 
excretion of water-soluble conjugates through efflux transporters. These proteins 
represent one of the largest known groups of efflux pumps responsible for the transport of 
specific molecules across the membranes driven by an ATP-dependent mechanism and 
are ubiquitous in a wide range of organisms including mussels (Luckenbach and Epel, 
Chapter 6 – Tralopyril bioconcentration and its effects on the gill proteome of the Mediterranean mussel  
 178 
2008; Smital et al., 2000; Torre et al., 2014). ABC transporters are grouped into eight 
subfamilies termed ABCA to ABCH, of which members of ABCB (or P-glycoproteins), 
ABCC and ABCG subfamilies were identified as being capable of interacting with 
xenobiotics granting the so-called multixenobiotic resistance (MXR) (Epel et al., 2008; 
Fischer et al., 2013; Rioult et al., 2014; Luckenbach et al., 2014). MXR-related 
transporters are physiologically expressed in gill cells, providing a protective barrier 
against the entrance of xenobiotics in the cytoplasm or nucleus by pumping the 
xenobiotics out of the cell (Lüdeking and Köhler, 2002; Luckenbach and Epel, 2008). Two 
proteins identified as ABC transporters, ABCB/P - glycoprotein-like protein and ATP-
binding cassette sub-family G member 2-like, were found to be significantly 
downregulated by DMSO exposure, what may be attributed to membrane disorganization. 
On the other hand, the same proteins were found to be strongly upregulated (fold 
induction of 8) by TP exposure correlating with the upregulation of the oxidative stress 
related proteins. 
Although uncouplers are thought to enhance ROS production and consequently 
the antioxidant defense, after DMSO exposure, a depletion was observed instead. This 
finding may be due to the fact that two days after exposure might have been already too 
late to detect the activation of the oxidative stress defense. In this time frame, the 
antioxidant defense could become already overwhelmed with the stress caused by 
DMSO, hence enhancing the cellular damage response. In turn, this damage could have 
led to more ROS production resulting in uncontrolled oxidative damage that would end up 
affecting the mitochondrial functions (Benedetti et al., 2015). Nevertheless, if oxidative 
stress had compromised cellular functions, probably it would have activated the apoptosis 
pathway, which also did not happen.  
General stress response and apoptosis 
The heat shock protein (HSP) family belongs to the molecular chaperone group 
and plays an essential role in protein maintenance (transport, folding and unfolding, 
assembly and disassembly of protein units, degradation of misfolded or aggregated 
proteins). HSPs are usually triggered by adverse environmental conditions so their 
upregulation is mostly described as a part of the general stress response (Feder and 
Hofmann, 1999; Sørensen et al., 2003). Bivalve HSPs share common structural and 
evolutionary features with the mammalian ones (Fabbri et al., 2008). In mammals, during 
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stress conditions, almost all members of the HSP family (HSP70, HSP90, HPS60 and 
other small heat shock proteins like HSP24) can unfold their substrates and keep them in 
a refoldable conformation preventing the formation of intracellular aggregates that may 
lead to proteotoxic stress. However, the subsequent refolding can only occur in the 
presence of HSP70 (Kampinga, 2006). Several studies have related its upregulation to a 
protective role when exposed to different stressors such as thermal stress (Roberts et al., 
1997), heavy metals (Franzellitti and Fabbri, 2005), organic chemicals (Clayton et al., 
2000) and combinations of stressors (Banni et al., 2015). The upregulation of HSP70 has 
also been related with a protection against necrosis or excessive apoptosis functioning as 
endogenous modulators of cell death, inhibiting caspase-dependent events (Garrido et al., 
2001; Kefaloyianni et al., 2005; Takayama et al., 2003).  
Apoptosis is a multifunctional process considered vital to cellular and tissue 
homeostasis, normal cell turnover, proper development and functioning of the immune 
system, embryonic development and chemical-induced cell death (Elmore, 2007). In 
bivalves, the apoptotic pathways usually involve the regulation of caspases although 
caspase-independent apoptosis can also occur (Sokolova, 2009). The caspase-
dependent pathway starts with the action of initiator caspases (to which caspase 2 
belongs) that leads to the cleavage and subsequent activation of the effector caspases 
(including caspase 3). These in turn act upon irreparably damaged intracellular targets 
(cytoskeletal proteins or other specific cellular structures such as mitochondria, nuclear 
lamina or chromatin) in order to eliminate them (Creagh et al., 2003; Sokolova, 2009).   
In our study, DMSO exposure resulted in an upregulation of HSP70 and HSP24.1, 
together with the downregulation of caspase 3/7-2 and putative caspase 3. After TP 
exposure, HSP70 and small HSP24.1 were found to be significantly downregulated whilst 
HSP90 was upregulated. Since all HSP70 functions are performed through an ATP-
regulated cycle of substrate binding and release in the presence of different cofactors 
(Fabbri et al., 2008), we think that the observed downregulation may be related to the 
decrease in the ATP availability. If this ability of the chaperone complex to bind and 
hydrolyze ATP is disrupted or if ATP is not available, it may lead to inhibition of the 
catalytic cycle, consequently leading to protein degradation and eventual cell death. In 
fact, together with the downregulation of HSP70 there was also a significant upregulation 
of the apoptosis involved protein - caspase 3/7-2 - by TP.  
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Immune system 
The alteration of several proteins belonging to the immune system was also 
observed in response to TP and DMSO exposures. The invertebrates’ immune system is 
still a puzzling issue with several knowledge gaps. Currently, it is accepted that mollusks 
lack adaptive response but have an effective innate immune system composed of cellular 
and humoral components (Gestal et al., 2008). The cellular fraction consists of hemocytes 
that are capable of phagocytosis, encapsulation, intracellular ROS production and release 
of degradative enzymes. The humoral factors circulate in the hemolymph and have 
antimicrobial, lytic, opsonic, and protease-inhibition activities (Allam and Raftos, 2015; 
Gestal and Castellanos-Martínez, 2015; Wang et al., 2013). Investigations in gill, digestive 
gland and hemocytes of mussels have revealed a high expression of several immune-
related genes or proteins showing a complex collection of pattern recognition receptors 
(PRRs) and downstream pathway members such as effector molecules (Philipp et al., 
2012; Rosani et al., 2013). PRRs are evolutionary conserved families central to the innate 
immune system and in bivalves comprise extracellular, membrane-bound or cytosolic 
molecules of which the first two groups have been widely studied (reviewed by Gerdol and 
Venier, 2015). Our study suggests that both DMSO and TP cause immunomodulation in 
M. galloprovincialis through the regulation of several proteins belonging to extracellular 
PRRs (lectins and several C1q domain-containing (C1qDC) proteins), transcription factors 
NF-κB and myeloid differentiation factor 88, involved in the expression of membrane-
bound PRRs) and effector molecules (mytilin B antimicrobial peptide precursor). All 
immune related proteins from DMSO-exposed mussels were downregulated (with the 
exception of just one MgC1q6 protein, which was upregulated). In accordance with our 
results, Varotto and co workers (2013) have also reported downregulation of  C1qDC 
proteins in the gills of mussels exposed to DMSO. Moreover, DMSO was also reported to 
suppress the immune response in mice (Lin et al., 2015), murine macrophages (Kelly et 
al., 1994) and salmon (Milston et al, 2003). In TP-exposed mussels, the opposite answer 
was observed: all immune-related proteins except MgC1q6 were found to be upregulated. 
Although the great majority of immune studies involve exposure to pathogens, there are 
also a few studies that report on the effects of xenobiotic exposure. Downregulation of 
proteins involved in the immune system (Galloway and Depledge, 2001; Gomes et al., 
2014; Renault, 2015) has been described considerably more frequently than their 
upregulation (Farcy et al., 2011; Maria and Bebianno, 2011). However, some studies have 
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also described an initial period of immunostimulation followed by a period of 
immunosuppression, which occurs when the immune system can no longer cope with the 
stress (Farcy et al., 2011). Accordingly, the duration and intensity of exposure seem to be 
determinant in the observed response.  
Chromatin structure and protein biosynthesis  
Proteins belonging to chromatin structure and protein biosynthesis are involved in 
several basic functions and can be found in all eukaryotic organisms. They are 
responsible for DNA packaging in the cell nucleus thus having a critical role on chromatin 
metabolism that among other processes includes DNA transcription, replication, 
recombination and repair (Eirín-López et al., 2004; González-Romero et al., 2012). 
Accordingly, histones upregulation in response to TP exposure can be understood as a 
natural process induced by the overexpression of numerous other proteins: the more 
proteins are produced due to their upregulation, the more histones are needed to control 
this processes. The enhancement of ribosomal protein expression would also been 
expectable since these proteins are constituents of the ribosome and play a crucial role in 
translation. However, they can also play other roles in cellular growth. As before, the 
opposite answer was found in DMSO-exposed mussels possibly reflecting a 
downregulation of the majority of the regulated proteins. 
Steroidogenesis 
An enzyme involved in steroidogenesis, the 17 β-hydroxysteroid dehydrogenase 
10 (17β-HSD10) was found to be down and upregulated in response to DMSO and TP 
exposure, respectively. In vertebrates, this enzyme is located within the mitochondria and 
is involved in processing steroid hormones and fats. In humans, 17β-HSDs catalyse a key 
step in the formation of sex steroids (Labrie et al., 2000). Although there are reports 
suggesting the presence of (vertebrate-type) sex steroids such as testosterone, 17β-
estradiol, and progesterone in molluscs including bivalves (Lafont and Mathieu, 2007; 
Porte et al., 2006), information regarding enzymatic pathways involved in steroid 
synthesis and catabolism in mussels is still fragmentary (Fernandes et al., 2011). Some 
studies have reinforced the role of 17β-HSD in a hormone biosynthesis pathway in 
bivalves due to the observed increase of 17β-HSD activity during sexual maturation and 
decline after spawning (Le Curieux-Belfond et al., 2001; Matsumoto et al., 1997). Also 
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Zhang and co-workers (2014) detected 17β-HSD10 transcripts in several tissues of M. 
galloprovincialis (including gills) and observed its depressed expression in the digestive 
gland after exposure to endocrine disrupting chemicals. However, other authors point out 
that there is a lack of evidence that steroid hormones have an endogenous origin and it is 
unclear if these hormones play a physiological role in bivalves (Fernandes et al., 2011; 
Scott, 2012; Zabrzańska et al., 2015). Moreover, it is also claimed that observation of 17β-
HSD activity does not necessarily mean that mollusks can produce vertebrate-like steroids 
on their own, or that the enzyme is the same as that used by vertebrates (Scott, 2012). 
Further studies on the endocrine system of invertebrates are necessary before we can 
correctly interpret the possible effect of DMSO or TP on bivalve steroidogenesis occurring 
due to the observed regulation of 17β-HSD10.  
 
 6.4.2.2 - Chronic exposure 
 
Whilst acute exposure may reflect not only a specific chemical effect but also just a 
general stress response arising in order to fight the initial assault, chronic exposure may 
provide insights into the regulation of more specifically responding proteins. If protein 
modulations were chemical-specific then one could expect that the permanent presence 
of a certain substance in the water would induce a stronger response with time. However, 
chronically exposed mussels did not show a regulation of protein biosynthesis, chromatin, 
cytoskeleton and general stress related proteins in response to DMSO or TP, except for 
the downregulation of HSP70 and one histone variant in DMSO exposure. This indicates 
that a certain adaptation to DMSO and/or TP presence in water has occurred during 
chronic exposure and the mussels were able to cope with the many consequences of the 
initially occurring stress. However, several significant protein alterations were still 
observable in the chronically exposed mussels, and these will be discussed next. 
Electron transfer chain 
Due to the uncoupling effect of both compounds, DMSO and TP, regulation of the 
ETC- and/or OxPhos-related proteins was expected. Indeed, an upregulation of COX 
subunit I was observed after chronic exposure to both compounds. As stated previously, 
the regulation patterns of COX proteins are incompletely understood, but such changes 
are thought to respond to different energy demands (Ciocan et al., 2012).  
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Energy metabolism 
In relation to energy metabolism, only fructose bisphosphate aldolase was 
regulated by chronic TP exposure. We assume that the upregulation of this protein during 
acute exposure might reflect an initial promotion of glycolysis aimed at increasing the ATP 
production. However, after the long-term exposure (T30), when ATP production is ceased 
(or decreased) due to the compound’s uncoupling action, it would be expected that the 
cell would activate some kind of negative feedback, since promoting glycolysis is not 
leading to the increase in the net energy anymore. In fact, we observed a significant 
downregulation of fructose bisphosphate aldolase at T30 while phosphoenolpyruvate 
carboxykinase was not affected significantly. Hence it seems that chronic TP exposure 
decreases the organism's ability to produce energy. In contrast, chronic exposure to 
DMSO alone does not appear to affect energy metabolism.  
Oxidative stress defense and active efflux 
Chronic DMSO exposure led to the upregulation of the first line of defense against 
ROS production - CuZn superoxide dismutase – however, phase II protein GSTpi1 
continued to show a dowregulation, just like during acute exposure. In the case of chronic 
TP exposure only thioredoxin I was found to be upregulated. This protein is one of the 
constituents of thioredoxin-peroxiredoxin (Trx-Prx) system that is frequently recruited to 
scavenge H2O2  in replacement of the glutathione system. In accordance with this, 
thioredoxin I was downregulated after acute TP exposure probably because the 
scavenging was still being supported by the glutathione system especially by GSTpi1 
(strongly upregulated at T2).  
As mentioned above, the regulation of the active efflux transporters can be 
regarded as a third phase of the oxidative stress defense involved in the excretion of 
water-soluble conjugates. The subfamilies of ABC transporters differ by the substrates 
used: while for ABCB the substrates are mostly unmodified xenobiotics (phase 0), the 
ABCGs recognize phase I and II metabolites (Sarkadi et al., 2006). This may explain why 
the ABCB/P glycoprotein was upregulated both by acute and chronic exposure when TP 
was still present in the water, while after 10 days of depuration, where no fresh compound 
was available anymore, this protein was significantly downregulated. The protein from the 
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sub-family G (ATP-binding cassette sub-family G member 2-like) after chronic TP 
exposure was upregulated even stronger than after the acute one. We believe that at T30 
more metabolites are likely to occur: while TP bioconcentrates in the mussel tissues, 
enhanced degradation might also take place inside the organism thus leading to the 
increasing expression of ABCBGs proteins at this time point. DMSO chronic exposure still 
showed a downregulation of ATP-binding cassette sub family G member 2-like already 
observed at T2, possibly reflecting a continuous effect of DMSO on the membrane 
organization. 
Apoptosis  
Chronic TP exposure led to the upregulation of caspase 2 (p<0.001) and caspase 
3/7-2 (not significant), demonstrating that this compound induces apoptosis. Chronic 
DMSO exposure showed a downregulation of caspase 2 indicating that caspase-
dependent apoptosis is not triggered or even is suppressed by chronic exposure to 
DMSO.  
Immune system 
Less immune system-related proteins were significantly affected by chronic 
exposure compared to the acute one. In mussels chronically exposed to DMSO three 
C1qDC proteins and myeloid differentiation factor 88a were significantly downregulated 
and one more C1qDC protein (MgC1q8) was significantly upregulated. In contrast, TP 
caused significant upregulation of two C1qDC proteins (MgC1q11 and MgC1q46). C1q 
super-family members are known to be involved not only in pathogen recognition and host 
defense but also in inflammation, autoimmunity, apoptosis and cell differentiation (Kishore 
et al., 2004). Thus the upregulation of these proteins in response to chronic TP exposure 
may be related to the upregulation of caspases involved in apoptosis stimulation. The 
contrary (downregulation of caspases and many C1qDC proteins) was observed during 
DMSO chronic exposure. 
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 6.4.2.3 - Depuration 
 
After 10 days of depuration following chronic chemical exposure, significant protein 
changes were still observed. Such alterations can indicate either the continuing effect of 
chemical, since the depuration time was not sufficient to fully eliminate the TP internal 
concentration, or an effort towards the recovery of mussel gills. Alternatively, both can 
also be occurring. The upregulation of heat shock proteins at this time point can be 
regarded as a consequence of finalizing the TP detoxification. On the other hand, PCA 
results (Section 3.3; Figure 6.5 B) seem to point towards a (partial) recovery from the 
exposure. The upregulation of cytoskeletal proteins after depuration might be interpreted 
as a sign of energy balance re-establishment since some of the energy could now be 
engaged towards biomass restoration instead of detoxification. This notion is also 
supported by the upregulation of histones and ribosomal proteins and the downregulation 
of caspase 3/7-2 and several immune system indicators. Futhermore, the significant 
downregulation of ABCB/P glycoprotein-like protein can be also explained by the absence 
of fresh TP in the water. We believe that this energy re-establishment might be the 
starting point for a possible gill recovery at this time point.   
 
 6.4.3 - Study limitations and future directions  
 
We have expected that the controls across the three time-points would cluster 
together while the similarly exposed samples (T2 DMSO and T30 DMSO, T2 TP  and T30 
TP) would be more similar in-between them than in relation to their controls. However, 
such a high similarity between different control treatments was not observed in our study. 
Instead, the PCA of protein expression patterns showed that sampling time explained 
more of the data variability than the chemical exposure conditions. Stronger influence of 
collection time points compared to experimental treatments could have been caused by 
the choice of season time when the exposures were carried out. At the Galician coast, 
mussels are reproductively active in the mid-spring (Villalba 1994). This period overlaps 
with the time when our study was performed (March and April, 2011). Spawning is known 
to be a large energy dispense for mussels. Hence, even though proteins were measured 
in mussel gills, a tissue that is not directly involved in reproduction, spawning may still 
have influenced the results.  
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 Another reason for a high dissimilarity of controls sampled at different time points 
could be related to the fact that both genders were used randomly for proteomic analysis. 
Historically, gill tissue was not thought to respond in a sex-specific manner (Monsinjon et 
al. 2006). However, a recent study showed a significant gender difference in the altered 
proteome of mussel gills after exposure to dioxin-like PCBs (Riva and Binelli, 2014). In our 
study, animals were randomly picked without gender determination and the gills from 
three individuals were pooled. This could have resulted in different ratios of males/females 
between samples, possibly bearing a significant influence on proteomics analysis 
outcomes. Further studies should take in account not only the reproductive period of the 
population assessed but also the gender identification of the organisms used for 
proteomic analysis.  
 
Another important factor to keep in mind refers to the variations inherent to the 
technique itself. We observed a 10% variation in the detected number of spectra among 
replicates, similar to one other study that used global proteomics (Cooper et al., 2010). 
Shotgun proteomics is a useful technic when little information is available on the effects of 
a certain compound. However, it has the disadvantage of excluding the proteins 
expressed at low copy counts, since these can be masked by highly abundant ones. 
Furthermore, the genomic and proteomic data currently available for mussels are rather 
incomplete, limiting the degree of proteome coverage that can be obtained (Campos et 
al., 2012; Suárez-Ulloa et al., 2013). In this study, a significant proportion of the collected 
spectral data could not be matched to any mussel peptides derived based on the protein 
databases available. This reinforces the need for further improvements in regard to the 
depth and breadth of mussel proteome coverage. Another limitation is brought in by the 
dearth of basic knowledge on some mussel systems, such as the endocrine and immune 
system, which makes data interpretation, a formidable task. The results of genomic and 
proteomic analyses should guide the design of functional studies to be undertaken in non-
model organisms. Together, such studies should help gaining a deeper understanding of 
less known proteins, processes, pathways and systems affected by chemical exposure or 
other stressors.  
 
Chapter 6 – Tralopyril bioconcentration and its effects on the gill proteome of the Mediterranean mussel  
 187 
 6.5 - Conclusions 
Our results show that TP rapidly bioconcentrates in the whole mussel tissues. 
Therefore, the proteome alterations observed in TP-exposed mussels are caused by the 
internal TP exposure. However, not only TP but also DMSO alone caused proteome 
alterations in the gills of acutely and chronically exposed mussels. The fact that both 
compounds affected the same proteins, albeit almost in the opposite way, led us to think 
of common targets affected by these compounds, such as biological membranes, ETC 
and sites of ATP production. Chronic exposure caused less proteome changes than the 
acute one, showing that many of the regulations observed after acute exposure probably 
represent a common stress response signature rather than a specific effect induced by 
the chemical. Overall, sublethal TP exposure affected several proteins involved in active 
efflux, immune response and bioenergetics. After the depuration period (T40), the 
expression of several proteins was still altered. These changes may reflect either the 
initiation of recovery processes or the continuing effects of chemical, as 10 days of 
depuration were not sufficient to fully remove TP from the tissues. Nevertheless, the lower 
internal TP concentration after the depuration period points towards the possibility of 
complete elimination with time in clean water.  
 
We believe that TP may be a risk to mussel populations residing in the locations 
where a continuous exposure to this biocide is likely to occur (e.g. seawater marinas). 
Indeed, we have shown that TP at concentrations close to those expected in such an 
environment not only bioconcentrates in the tissues but is also able to affect proteins 
involved in important pathways. On the other hand, we have also shown that TP degrades 
rapidly and that the mussels are able to depurate and show signs of recovery when 
placed in clean water. Hence, in places where TP exposure might not be constant (e.g. 
beaches and open sea), this biocide might represent a safer AF alternative compared to 
previously used AF compounds. 
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General discussion  
 
 
 
 7.1 - Antifouling biocides, the change of paradigm 
 
Throughout the times, antifouling systems have been used to prevent biofouling, a 
major problem since the beginning of man’s use of vessels. Ancient civilizations have 
used several products against it but, since then, a lot has changed in the antifouling 
paradigm. There has been an evolution of antifouling solutions, over the years, which are 
well documented in the literature and summarized in the General Introduction (Chapter 1) 
of the present thesis. Today, AF paints are not the only approach against biofouling but 
they are still the most cost-effective and utmost used solutions to overcome this problem. 
However, the environmental contamination by toxic AF biocides may cause adverse 
ecological impacts. An increasingly change of mentalities in support of care and respect 
for the environment and human health makes crucially important the search for more 
environment-friendly AF chemicals. Besides, there is the conscience that negative 
impacts on ecosystems may cause economical losses in fisheries, aquaculture or other 
related human activities (e.g., oyster aquaculture collapse due to TBT pollution) and so it 
is also imperative that economic interests should not collide. 
 
During the Single European Act (SEA), which was the first major revision of the 
1957 Treaty of Rome, it was established the European Economic Community (later 
renamed as the European Community). Among other commissions to deal with different 
issues, it was established the European Commission to which was recognized the 
authority to legislate on a number of issues, including those related to environment 
protection. Since then, the number of official documents evolved from one single directive 
constituted in 1969 on preventing risks by testing (L68/19.3.69) to almost 200 different 
directives, regulations and decisions on environmental management in current use 
nowadays (Majone, 1994). 
 
In what regards to the recent evolution in the AF biocides area, one of the most 
remarkable milestones was the rise and fall of TBT-based AF paints. It took approximately 
60 years to the TBT environmental problem be identified, discussed, monitored and 
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legislated. Ultimately, with the adoption of the IMO AFS convention, this compound was 
banned by the contracting states in order to eradicate TBT pollution. Nevertheless, due to 
its high persistence in the sediments and to some illegal use, TBT is still ubiquitous 
nowadays (Ruiz et al., 2015; Laranjeiro et al., 2015; Nicolaus and Barry, 2015; Cacciatore 
et al., 2016), as observed in the Portuguese coast in 2011 (Chapter 2). Special emphasis 
should now fall over countries that did not ratified the AFS convention and are still allowed 
to use TBT based AF paints (Paz-Villarraga et al., 2015). This rise and fall of TBT will 
certainly be used as an example in the future in the sense that AF biocides should be 
carefully studied before they are commercialized, or removed from the market as soon as 
environmental issues appear. Hence, ecotoxicological studies and environmental 
monitoring are essential aspects to take into consideration in AF biocide research. 
 
The experimental part of the present thesis started by addressing the problematic 
of contamination posed by older generation AF biocides in the Portuguese coast (Chapter 
2). The fact that no official information on the usage of antifouling paints exists in Portugal, 
monitoring is the only reliable method to track the diversity and quantity of biocides that 
are employed by the naval industry in this country. Our data points towards the 
widespread occurrence of TBT that is still being measured in sediments and biota eight 
years after the Regulation (EC) No. 782/2003 that restricted the use of OT based AF 
paints in the EU, and three years after the world IMO ban. Moreover, the analysis of 
imposex together with Nucella lapillus whole tissue content, revealed that although a 
decrease in pollution levels occurred in the last 20 years, TBT contamination in 2011 is 
still high enough to induce this phenomenon, in some locations with severity. Comparison 
with quality standards available for this compound has lead to the conclusion that TBT is 
still posing a risk to the majority of the sites sampled in the present study. 
 
Besides the occurrence of TBT and its major metabolites DBT and MBT, also Cu, 
Zn and diuron were ubiquitous in both sediments and M. galloprovincialis tissues. Rarely, 
other compounds, such as irgarol and its metabolite GS26575, tolylfluanid, dichlofluanid 
and phenyltins were detected in sediments and mussel samples (Chapter 2). It is very 
difficult to be sure about the provenience of these substances as some have a natural 
occurrence while others have different sources of contamination such as pesticide use in 
agriculture, but the spatial correlation with TBT suggests that at least TPT and Cu may be 
putatively linked to antifouling paint leaching. Although no significant correlations between 
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TBT and irgarol were found, it is known that this compound is usually not used as 
herbicide (unlike diuron, for example) and can also be linked to antifouling paints (Price 
and Readman, 2013). Nevertheless, neither irgarol nor diuron are currently allowed to be 
used as AF biocides under the Biocidal Product Regulation (BPR; Regulation 528/2012). 
 
Since September 2013, with the implementation of BPR regulation, the risk 
assessment of biocides assumed a critical importance in their commercial success. The 
search for emerging substances aiming to present a high AF potential to target organisms 
and a low environmental impact arose. Therefore, most of the work within the framework 
of this thesis comprehended the characterization of some aspects of the PBT 
(Persistence, Bioaccumulation and Toxicity) criteria of three emerging compounds - 
tralopyril, triphenylborane pyridine (TPBP) and capsaicin - in order to understand if these 
chemicals could be more environment-friendly that previously used ones. 
 
 
 7.2 - Environment-friendly AF biocides: the problematic behind 
 
The present thesis aims to add a valuable contribution to understand the 
environmental fate and biological effects of three emerging antifouling biocides - tralopyril, 
triphenylborane pyridine and capsaicin - acknowledging the effort that has been made to 
change the paradigm in the use of anti-fouling systems, i.e. moving from older generation 
biocides with high environmental impact to more environment-friendly ones. 
 
But what is actually an environment-friendly biocide? Is it really achievable the 
idea of developing an environment-friendly biocide that in one hand prevents target 
species from attaching to submerged surfaces (specific toxicity towards target-species) 
and on the other hand does not harm the surrounding aquatic wildlife communities?  
 
The definition of environment-friendly has been applied to substances, products, 
technologies and even to life-styles. However, this term is not yet fully defined as different 
interpretations may occur. In its conservative and purest sense, this expression can be 
understood as a system that has no toxic components and consecutively does not cause 
toxic effects. In its broadest sense, it may be defined as lessening the impact or 
substituting old products and technologies for cleaner/greener and safer to the 
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environment than those used until then (Price and Readman, 2013). In the case of AF 
systems, biocide-free antifouling solutions already exist (i.e., non-sticking coatings, 
application of electric currents, mechanical cleaning, etc) however, in the great majority of 
the cases the cost-benefit of AF paints with the addition of biocides are still hard to match.  
 
Environment-friendly biocides are required to have a low toxicity to non-target 
species as well as a low tendency to bioaccumulate and be liable of a rapid transformation 
to less toxic products. However, as simple as this definition may seem, several studies are 
needed to understand the toxicity, bioaccumulation and persistence of a certain chemical. 
Moreover, other questions are brought up in the way, as for example, the choice of the 
species to test as well as the best methods to attain the information needed.  
 
In fact, the target species problematic has been a challenging theme to discuss, as 
they are, most of the times, hard to define. Whilst, in general, fish represent a clear 
example of a non-target species to AF biocides, mussels are a perfect example of such 
dilemma. Though at coastal shores mussels are recognized as having a key role, 
providing habitat for other organisms or food for higher trophic levels as well as filtering 
sediments and pollutants (Carrington et al., 2015), during their larval phase and especially 
to man-made structures or facilities (especially for naval and aquaculture use) these 
animals are considered target species as they belong to the fouling community. 
Furthermore, mussels represent an important part of the human diet of some littoral 
countries and so the bioaccumulation of specific pollutants may pose a risk to public 
health.  
 
In this thesis, mussels have been used to biomonitor the pollution posed by AF 
biocides along the Portuguese coast (a kind of “mussel-watch” performed in Chapter 2; 
ICES, 2011) and also in ecotoxicological studies as both target and non-target species. By 
testing the effects of tralopyril, TPBP and capsaicin to mussel D-larvae (Chapter 3) we 
assessed the potential of these compounds to kill this particular target species, which is 
useful to evaluate their biocidal activity. Simultaneously, important information is obtained 
regarding if these chemicals can disrupt the life cycle of this species and cause damage to 
ecosystems. It is interesting to note that sometimes this apparent conflict is easily solved 
by studying the biocide half-life. If the half-life is very short then the compound can indeed 
protect the hull of a vessel without causing significant damage to nearby ecosystems. 
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However, to study the half-life of an emergent substance it is necessary to develop or 
improve analytical methods to quantify that particular substance in a given matrix of 
interest, which demands more research. 
 
Algae also share the same dilemma as mussels; if in one hand these organisms 
are primary fouling organisms, on the other hand they are also the base of food chains 
and their dependencies such as host corals and symbiotic algae. Nevertheless, as many 
biocides are inhibitors of the photosystem II, algae are amongst the most used species to 
test the efficiency of emerging biocides (Chapter 4)  
 
When very scarce information is available on the toxicity of a certain compound, 
classical ecotoxicological tests (i.e. traditional in-vivo whole-animal-based toxicity-testing 
strategies for hazard identification and dose-response assessment; Krewski et al., 2010), 
as those performed in chapters 3 and 4, are extremely valuable. The use of model 
species, for example, is highly advisable since databases for comparison are generally 
abundant. Nevertheless, when questions regarding the mode of action of a certain 
compound come up, other type of testing using cutting-edge technology (e.g. omics) is 
indispensable. However, this kind of technology also brings other difficulties and 
specificities that will bring into discussion several options regarding the choice of the 
testing species, solvents (when needed) and time points assessed (greatly discussed in 
Chapter 6 – section 6.4.3).  
 
Other important tools that can be used for achieving important information on 
emerging substances are, for example, simulation models. For risk assessment 
predictions, and due to the lack of environmental concentrations data, the MAMPEC 
model was used for PEC estimations (chapter 3 and 4). Also the calculation of Toxic 
Ratios based on QSAR models estimated on the EPISUIT program was compared to the 
experimental LC50 obtained for the zebrafish in order to distinguish between baseline 
toxicants from specifically toxic chemicals (chapter 4). In the case of tralopyril 
bioaccumulation potential, the one-compartment model was used to describe and predict 
internal concentrations in organisms (chapter 6). These available tools can, indeed, be of 
great help when trying to direct the research effort on an emerging substance. 
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 7.3 - Ecological risk assessment of tralopyril, TPBP and capsaicin 
 
Although important information is still lacking about the environmental fate and 
effect of tralopyril, TPBP and capsaicin in order to perform a proper risk assessment, this 
thesis succeeded in covering some knowledge gaps aiming to understand more about the 
PBT criteria of these substances. 
 
The acute toxicity of tralopyril, TPBP and capsaicin against early life stages of 
three marine species (one target – mussels – and two non-target species – a sea-urchin 
and a copepod) was evaluated in order to understand if these biocides pose an ecological 
risk to seawater ecosystems (Chapter 3). Their ecological risk was calculated based on 
PECs (predicted in MAMPEC) divided by the PNEC (developed from their acute toxicity 
data) to which an assessment factor of 100 was added. Their risk was then compared with 
that presented by TBT, here considered a reference biocide, to which there is no need to 
add assessment factors since the environmental fate and effects of TBT are well known. 
The PEC/PNEC quotients with the lowest PEC revealed substantial differences between 
the risk posed by the compounds tested: TBT = 313.7; tralopyril = 9.4; TPBP = 1.4; and 
capsaicin = 0.01. As PEC/PNEC > 1 indicates a possible threat to the environment, these 
results suggest that, although much less problematic than TBT, tralopyril and TPBP might 
still represent a considerable threat to the marine ecosystems (Oliveira et al., 2014). It is 
important to note that when values of PEC/PNEC stand close to 1 and the assessment 
factors are high, there is a considerable uncertainty in how to classify the risk. More 
toxicity research may gather more data in order to reduce the assessment factors and 
achieve more reliable PNEC values. 
 
In order to cover other relevant environments and reducing the uncertainty of the 
risk, bioassays were made concerning freshwater organisms: the zebrafish Danio rerio, 
the crustacean Daphnia magna and the algae Chlamydomonas reinhardtii (Chapter 4). 
Consequently, the assessment factors applied for risk assessment were lowered to 50. 
Even though, the risk assessment outcomes achieved for marine and freshwater species 
were comparable: capsaicin presents a negligible ecological risk (PEC/PNEC ≈ 0), 
contrarily to tralopyril and TPBP (PEC/PNEC of 4.0 and 1.7, respectively). Once again, 
among the three emerging biocides, tralopyril presented the highest ecological risk 
(Oliveira et al., 2016a). Notwithstanding, a further decrease on the assessment factors as 
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well as improving the understanding on the compounds degradation pathways and 
potential to accumulate in the sediments would provide more information on their 
persistence and bioavailability that in turn could reverse the outcome of the risk 
assessment for TPBP and tralopyril.  
 
It became clear that capsaicin presented the lowest environmental risk but, on the 
other hand, its efficacy as biocide was unconvincing. However, previous studies had 
already suggested that the main attractiveness of this substance relied on its capacity to 
interfere with the organisms´ ability to attach to surfaces, instead of being lethal (Xu et al. 
2005; Angarano et al. 2007). Thus other studies are needed to explore the advantage of 
using this substance in mixtures with different biocides. Therefore, considering the weak 
biocide potential of capsaicin, this substance was not further assessed in this thesis whilst 
tralopyril and TPBP were evaluated with more detail. 
 
Tralopyril was found to have a more specific mode of action than TPBP that 
appeared to act more as a baseline toxicant (Chapter 4 – section 4.3.4). Differential 
proteomic analysis on the whole zebrafish embryo proteome has identified both 
compound-specific protein regulations and commonly expressed protein changes that are 
thought to be stress-related. These common regulations comprehended the altered 
expression of proteins belonging to the eye structure, energy metabolism and cell 
differentiation processes. Sub-lethal tralopyril exposure specifically upregulated six 
proteins involved in energy metabolism, cytoskeleton, cell division and mRNA splicing 
whilst exposure to TPBP comprised the regulation of three proteins that belonged to the 
cytoskeleton, cell growth and protein folding. 
 
Although TPBP is already used in Asian countries for some years, it was not 
introduced in the EU Market through the BPR. On the other hand, tralopyril became the 
most important candidate to be used in the near future in European waters, due to its 
inclusion on this regulation (Biocidal Products Committee, 2014) and therefore it deserves 
greater attention. Besides, not only it was the newest compound with least information 
available but it also showed the highest toxicity against the majority of the species used 
throughout this work. For example, some intriguing aspects were found, namely at chapter 
4, when a shift from acute to more chronic exposure was made. In the case of the algae 
C. reinhardtii, for example, a recovery from the first time-point (4 h) to the last one (24 h) 
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was observed in the two sub-lethal endpoints assessed: the ATP levels and the effective 
quantum yield of PSII. At first, it was thought that this recovery could be a response to 
cellular detoxification mechanisms, as some authors had previously reported for other 
compounds (Nestler et al., 2012; Pillai et al., 2014). However, as a similar answer was 
observed for the Daphnia magna immobilization test, we hypothesized that tralopyril 
would degrade rapidly. 
 
Following these results, it was clear that a method to measure tralopyril 
concentrations was essential to verify these evidences. Although the ISO norm 15181-6 
(ISO, 2012) already described a method for tralopyril analysis, the limits of detection (LOD 
= 2ug L-1) were not suitable to the needs of the above-mentioned bioassays. Therefore a 
targeted LC-MS/MS method with lower LODs, described in Chapter 5, was developed to 
quantify tralopyril in aqueous samples. All together with the method development, it was 
also assessed the degradation of tralopyril and respective half-lives for riverine and 
seawater at 18 ºC of 8.1 and 6.1 h, respectively (Oliveira et al., 2016b). These results 
backed up the hypothesis that tralopyril degradation was very important on the data 
interpretation of the results obtained in the algae and D. magna tests. Moreover the same 
method was also validated for the E3 medium used for zebrafish exposure described in 
chapter 4.  
 
Besides studying tralopyril toxicity and persistence, it was also important to 
understand if this compound was able to bioconcentrate (Chapter 6). Tralopyril was found 
to accumulate rapidly in mussels reaching the steady-state condition within 13 days. 
Nevertheless, an elimination of 80% of the accumulated biocide was accomplished after 
10 days of depuration. Interestingly, not only tralopyril but also DMSO (used as solvent) 
alone significantly modulated the protein expression in mussel gills following acute and 
chronic exposure. Altogether, 46 proteins involved in bioenergetics, immune system, 
active efflux and oxidative stress, were found to be regulated in the different exposure 
scenarios. Notably, after the depuration period, alterations of several proteins were still 
observed possibly reflecting either the continued chemical effect or the incomplete 
elimination. 
 
Although some important information has been disclosed about tralopyril, TPBP 
and capsaicin, more studies should be undertaken in the future to better characterize 
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these biocides. Taking tralopyril as an example, understanding and testing its potential to 
sink into the sediments would be crucial to better acknowledge its bioavailability and 
persistence in the ecosystem.  
 
One point of view on this topic is that finding a truly environment-friendly biocide 
that fulfills its mission of preventing biofouling without posing any risk to the ecosystems is 
difficult to achieve. The goal should be a compromise of AF-effectiveness and an 
acceptable ecological risk. An acceptable risk should comprise a low toxicity to non-target 
species (which lowers the PNEC) and a rapid degradation of the chemical after leaching 
the paint, diminishing the concentration of the biocide in the environment (which lowers 
the PEC). Moreover, the combination of AF-chemicals (synergistic toxic mixtures) using 
lower percentage of potentially harmful biocides in addition with more environment-friendly 
ones (as it seems to be the case of capsaicin) can also be a good approach. Therefore, 
the search for more environment-friendly compounds should continue to ensure that 
cases like TBT will not be repeated in the future. Therefore, more studies and 
perseverance are needed to gradually find the best possible chemical or non-chemical 
solution in protecting submersed structures from biofouling.  
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